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Abstract
Since the discovery of CP violation more than 5 decades ago, this phenomenon is still attracting a lot of
interest. Among the many fascinating aspects of this subject, this review is dedicated to direct CP violation
in non-leptonic decays. The advances within the last decade have been enormous, driven by the increasingly
large samples of b- and c-hadron decays, and have led to very interesting results such as large CP asymmetries
in charmless B decays and the observation of direct CP violation in the charm sector. We address the quest
for understanding the origin of strong phases, the importance of final state interactions and the relation
with CPT symmetry, and different approaches to measure direct CP violation in these decays. The main
experimental results and their implications are then discussed.
Keywords: CP violation, beauty hadrons, charm hadrons
Contents
1 Introduction 2
2 CP violation in decays and CPT symmetry 4
2.1 Hadronic strong phases and CPT constraints on CP violation . . . . . . . . . . . . . . . . . . 5
2.2 Short-distance effects and inclusive B decays . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Exclusive B decays and final-state interaction phases . . . . . . . . . . . . . . . . . . . . . . . 8
2.4 What to expect in charm decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3 Experimental facilities and analysis tools 10
3.1 Main facilities for CP violation in beauty and charm hadrons . . . . . . . . . . . . . . . . . . 10
3.2 Direct CP violation in the decay rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.3 Direct CP violation in multi-body decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.3.1 Amplitude analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.3.2 The quasi-two-body approximation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.3.3 The Miranda techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.3.4 Unbinned techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.3.5 Triple products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
∗Corresponding author
Email address: carla.gobel@puc-rio.br (Carla Go¨bel)
1
ar
X
iv
:2
00
9.
07
03
7v
1 
 [h
ep
-ex
]  
15
 Se
p 2
02
0
4 Direct CP violation in charmless B decays 19
4.1 Two-body decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.2 Three-body decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.2.1 Interference between different angular-momentum waves . . . . . . . . . . . . . . . . . 24
4.2.2 pi−pi+ → K−K+ re-scattering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2.3 Quasi-two-body decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.2.4 B decays involving baryons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.2.5 Charmless b-baryon decays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5 Hadronic double-charm interaction in charmless B decays 31
5.1 The charmonium B+ → h+χc0 decay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
5.2 Double-charm and B+ → K+K+K− final state . . . . . . . . . . . . . . . . . . . . . . . . . 33
5.3 Possible consequence for the B+ → pi+pi+pi− decay . . . . . . . . . . . . . . . . . . . . . . . . 33
5.4 Search for double-charm signature in B+c → pi+K+K− decay . . . . . . . . . . . . . . . . . . 36
6 Direct CP violation in B decays to open charm 36
6.1 The GLW method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
6.2 The ADS method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
6.3 The GGSZ method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
6.4 The combination result of γ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
7 Direct CP violation in Charm 40
7.1 Two-body modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
7.2 Three-body modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
7.3 Four-body modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
7.4 Charm Baryons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
8 Conclusion 49
1. Introduction
The experimental observation of charge-parity (CP ) violation in the neutral-kaon system in 1964 by
Cronin, Fitch et al. [1] caused a real shock in the physics community. Just a few years before, Landau pre-
sented a convincing theory showing CP conservation to play a key role in understanding particle-antiparticle
symmetry [2]. At that time, no one had disagreed with this fundamental idea and, as a consequence, there
was no theory predicting the CP symmetry breaking. Among several arguments for CP to be a good symme-
try, a compelling one was that, assuming CPT symmetry to be exact (a consequence of Lorentz invariance),
the reversibility of time would naturally lead to CP conservation. The observation of CP violation meant,
for the first time in physics, the irreversibility of some processes at the fundamental level.
It was only in 1973 that Kobayashi and Maskawa proposed the nowadays well-accepted description [3]
for the observed CP violation in the kaon system. They included a third quark family, which extended the
2 × 2 Cabibbo mixing matrix [4] to a 3 × 3 matrix, the now called Cabibbo-Kobayashi-Maskawa (CKM)
matrix, allowing the presence of a complex phase in the hadronic sector of the weak interaction. The two
new quarks, beauty and top, were experimentally observed in 1977 [5] and 1995 [6, 7], respectively, and
finally CP violation was observed in B decays, as predicted, in 2001 [8, 9]. Kobayashi and Maskawa received
the Nobel Prize in 2008 for the confirmation of their CP violation mechanism within the Standard Model
(SM).
A crucial question remains unanswered until today: what is the dynamical origin of the quark mixing
matrix and, in particular, the weak phase? Unlike parity, whose breaking for all fermions comes from the
universal vector–axial nature of the weak currents, CP breaking in not the same for all quarks.
From its observation, CP violation represented a new paradigm, opening the path for the emergence of
ideas and concepts. One of them was introduced by Sakharov in 1967 [10], stating CP violation as one of
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the necessary conditions for baryogenesis. Among others, there was also the notion of “mirror universe”
where CP violation would be the door between our universe and its CP mirror version [11], with several
implications [12]. According to some authors, this universe would be the source of the Dark Matter [13].
Even a few years before the CKM ansatz, a different approach was proposed by Wolfenstein [14] and
required a new interaction that was called superweak. It was able to explain the observed CP asymmetry
associated to oscillation in the neutral-kaon system but did not allow for CP violation coming from the
decay process itself – what is called direct CP violation. It was only in the early 2000s that this idea was
definitively ruled out by the observation of direct CP violation in kaons by the KTeV [15, 16] and NA48
[17, 18] collaborations, through the observable <(′/) which, measured to be ∼ 10−3, implies a direct CP
asymmetry of ∼ 10−5 [19].
Given the CKM matrix hierarchy the natural sectors to observe CP violation are processes involving
strange and beauty hadrons. This can be better seen through the Wolfenstein parameterisation [20], which
describes the CKM elements in powers of λ ≈ 0.223 [21]. Up to O(λ3) it is written as
VCKM =
 Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
 =
 1− λ2/2 λ Aλ3(ρ− iη)−λ 1− λ2/2 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1
 . (1)
The other three parameters are A, ρ and η. The latter is responsible for the complex nature of the CKM
matrix and appears at order λ3 in the matrix elements Vtd and Vub. The CKM matrix is almost diagonal,
breaking at the λ level, and almost real, breaking at the λ3 level. Being unitary, it leads to orthogonality
relations of the type
∑
k=u,c,t VijV
∗
ik = δjk (j, k = d, s, b). The well-known Unitarity Triangle, constructed
from the relation VudV
∗
ub+VcdV
∗
cb+VtdV
∗
tb = 0, defines three angles in the complex plane: α ≡ arg
(
− VtdV ∗tbVudV ∗ub
)
,
β ≡ arg
(
−VcdV ∗cbVtdV ∗tb
)
and γ ≡ arg
(
−VudV ∗ubVcdV ∗cb
)
. Then, up to O(λ3), Vtd = |Vtd|e−iβ and Vub = |Vub|e−iγ .
Since the top quark does not hadronise, the manifestation of arg(Vtd) at short distances occurs through
box or loop (“penguin” type) diagrams in s- and b-hadron processes. Given the top mass is very large, 1
its contribution to these diagrams is much more important than those mediated by up and charm quarks,
which also almost cancel each other due to the GIM mechanism [26]. From box-type diagrams, indirect CP
violation2 may arise in neutral meson processes. On the other hand the effect of arg(Vub) = −γ can also
take place at tree level for b-hadron decays. It can also be read from Eq. 1 that the possible effects of CP
violation in charm are expected to be tiny, potentially arising due to arg(Vub) in box or loop diagrams or,
at tree level, via a λ5 correction in Vcd.
It is interesting to note the time gap of almost forty years between the discovery of CP violation in
mixing and direct CP violation for kaon decays — a consequence of the tiny effect of the latter in the kaon
system. A similar situation, but not so drastic, has occurred in B decays, where CP asymmetry in mixing
was observed in B0 → J/ψK0S by the BaBar [8] and Belle [9] collaborations while direct CP asymmetry was
observed (with more than 5 standard deviations) more than ten years later [27, 28]. Interestingly, in the
charm sector direct CP violation has very recently been observed by the LHCb collaboration [29] — and yet
there is no sign for indirect CP violation associated to mixing in D0 decays [30–32].
From the theory side, there is an even higher challenge regarding estimates for direct CP violation
asymmetries. They depend crucially on the size of the strong phases involved in the decays [33]. In fact,
since the first theoretical proposal for the study of direct CP violation in an inclusive way, by Bander,
Silverman and Soni [34] and known as the BSS model, hundreds of papers were published, based on different
mechanisms, aiming to understand the importance of strong interaction phases, mainly in exclusive B-meson
decays. There is fair consensus that the strong phases coming from short-distance effects should be small.
1The top mass was predicted to be large after the the observation of B0 − B0 oscillations [22–24]. Its contribution in the
one-loop process is important due to the non-decoupling nature of the SM, manifesting a violation of the Applequist–Carazzone
theorem [25].
2The term indirect CP violation here refers to processes where CP violation [21] requires mixing to occur, and it can arise
between the interference of particle and antiparticle decaying to a common final state, or it can appear through the interference
between mixing and decay.
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If these are assumed to be the primary source of strong phases, the level of direct CP violation should
be small. On the other hand, if one considers that long-distance, final-state interaction (FSI) processes in
non-leptonic decays introduce significant strong phase shifts, potentially large direct CP violation effects
should be expected.
Many good reviews exist addressing CP violation in hadrons (see, for example, [35–39]). This work
is dedicated exclusively to discussing direct CP violation in b- and c-hadron systems. New, interesting,
and even unexpected results on direct CP violation emerged in the recent years which, confronting with
the development of new insights from the theory side, motivate this review. For the B meson sector, we
concentrate the discussion only on well-established results on direct CP violation and their implications.
For b baryons and charm hadrons the overall CP violation picture is just in its initial stages, and we address
the current state-of-the-art. BaBar, Belle and a few other experiments have contributed significantly in this
area, nevertheless the LHCb collaboration, with unprecedented samples of beauty and charm hadrons, is
currently the large source of new experimental results. Belle II and the LHCb Upgrade I will soon enter the
game.
This review is organised as follows. In Sect. 2, we discuss the fundamental ideas regarding direct CP
violation and call attention on how CPT conservation enters as a constraint for decay modes with the same
final-state flavour content. In Sect. 3 the major experiments and main strategies for measuring direct CP
violation observables are discussed. Particular emphasis is given on the importance of multi-body decays, for
which CP violation effects can appear, and be enhanced, in specific regions of their phase space. Direct CP
violation in charmless b-hadron decays is presented in Sect. 4, followed by Sect. 5 where a complementary
discussion on double-charm contributions to the charmless final states is considered. Section 6 is dedicated
to B decays to open charm, which represent the ideal environment for the measurement of γ. Section 7
addresses the charm sector, contextualising the field after the first observation of direct CP violation and
discussing the current status and prospects for many other modes. Finally, we present our conclusions in
Sect. 8.
2. CP violation in decays and CPT symmetry
CP violation in decays – or direct CP violation – is manifested when the decay width of a particle P to
a given final state f differs from the conjugate process:
∆Γ(P → f) ≡ Γ(P → f)− Γ(P¯ → f¯) 6= 0 . (2)
In terms of the decay amplitudes,
|A(P → f)|2 − |A(P¯ → f¯)|2 6= 0 . (3)
The origin of CP violation relies on the presence of complex terms in the Lagrangian density, which
translate to phases in transition amplitudes. If these phases are CP -odd – i.e. change sign under a CP
transformation – CP violation can appear. Clearly, for phases to become observables, there should be at
least two possible interfering paths producing a final state f .
The usual example [33, 40, 41] is to consider two decay amplitudes producing a final state f such that
A(P → f) = |A1|eiφ1 + |A2|eiφ2 , (4)
where A1 and A2 have different phases φ1 and φ2. Considering both φ1 and φ2 are CP-odd phases, the
antiparticle process is given by A(P¯ → f¯) = |A1|e−iφ1 + |A2|e−iφ2 . It is easy to show that the decay rate
difference, Eq. 3, gives a null result, and CP violation is not observed. In contrast, if the decay amplitude
is given by
A(P → f) = |A1|eiφ1eiδ1 + |A2|eiφ2eiδ2 , (5)
where δ1 and δ2 are CP -even phases, then the decay rate difference is
|A(P → f)|2 − |A(P¯ → f¯)|2 = 2|A1||A2| sin(φ1 − φ2) sin(δ1 − δ2). (6)
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Usually the observable is the CP asymmetry defined as
ACP =
|A(P → f)|2 − |A(P¯ → f¯)|2
|A(P → f)|2 + |A(P¯ → f¯)|2 (7)
that for the amplitude given in Eq. 5 it is given by
ACP =
2|A2/A1| sin(δ1 − δ2) sin(φ1 − φ2)
1 + |A2/A1|2 + 2|A2/A1| cos(δ1 − δ2) cos(φ1 − φ2) . (8)
Therefore both CP -odd and CP -even phases are necessary for CP violation to be observed. Although this is a
simple academic example, the conclusion in quite general. Moreover, the size of the CP asymmetry depends
not only on the phase differences but also on the relative size of the two amplitudes – if, for instance,
|A1|  |A2| the expected CP asymmetry would be small even with large phase differences. Within the
context of the SM, CP -odd phases can only come from weak processes, while CP -even phases may appear
through strong (or electromagnetic) interactions. For this reason, CP -odd and CP -even phases are usually
called weak and strong phases, respectively.
For a neutral meson decaying to CP eigenstates like pi+pi−, K+K−, D0D0 (or final states accessible
for both particle and antiparticle, such as K0Spi
0) it is necessary to disentangle direct CP violation and CP
violation from oscillation and in this case the time-dependent CP asymmetry, arising from the so-called
master equations [33] need to be used. Assuming CPT invariance, for a P 0 − P¯ 0 system with a mass
difference ∆M between the mass eigenstates (but no width difference), we have
ACP (t) =
|A(P 0(t)→ f)|2 − |A(P¯ 0(t)→ f¯)|2
|A(P 0(t)→ f)|2 + |A(P¯ 0(t)→ f¯)|2 = Sf sin(∆Mt)− Cf cos(∆Mt) (9)
where t is the decay time of P decaying to f . The Cf and Sf observables are sensitive to direct and indirect
CP violation, respectively, with 0 ≤ S2f + C2f ≤ 1 [37]. Here we are only interested in Cf , which is given by
Cf = |A(P
0 → f)|2 − |A(P¯ 0 → f)|2
|A(P 0 → f)|2 + |A(P¯ 0 → f)|2 . (10)
Generally, while the origin of the weak phase can be pinned down at the quark level to the CKM matrix
elements, making it predictable for which decays CP violation could potentially be manifested, the size of the
direct CP asymmetry is usually hard to estimate due in part to the rather limited knowledge of the strong
phases. There are two possible sources of strong phases: one associated with the short-distance penguin
contribution at quark level and another coming from final-state interactions, e.g. hadronic rescatterings in
non-leptonic decays. An overview of these mechanisms is given below.
2.1. Hadronic strong phases and CPT constraints on CP violation
For a particle decaying only weakly, the initial state is stable under strong (and electromagnetic) inter-
actions. On the other hand, following the weak transition the final state is the potential result of strong
processes associating states with the same quantum numbers. Strong phases are the result of these final-
state interactions. For instance, the total amplitude of the decay of P to a given final state f may include
contributions as P → fi → f (i = 1, 2, ..., n) where P → fi incorporates the weak transition and fi → f the
strong processes (elastic or inelastic scatterings):
A(P → f) = A1(P → f1)A(f1 → f) +A2(P → f2)A(f2 → f) + .....+An(P → fn)A(fn → f) . (11)
At this point, it is interesting to discuss CP violation in the context of CPT constraints, as follows.
The CPT symmetry, expected to be an exact symmetry in field theories, establishes that the lifetimes –
thus the total decay widths – of a particle and its antiparticle are the same. On the other hand, CP violation
allows partial decay widths to be different. Clearly, preserving the equality of total widths for particle and
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antiparticle while allowing partial widths to be different requires a “communication” between the different
decay modes, and this can only happen within modes that have the same flavour quantum numbers.
Thus, and in accordance to what was discussed previously, final-state interactions, connecting states via
strong (or electromagnetic) interactions, provide the natural strong phases for CP violation to be observable,
and are also the key ingredient to allow the preservation of CPT symmetry [33, 40–42].
The constraint from CPT can become more apparent by considering the arguments from Wolfenstein in
[43] (see also [33] from which the notation below is partly adopted). Suppose that particle P can decay to
only two final states fα and fβ with the same conserved quantum numbers. The states fα and fβ can be
connected through strong interactions, meaning they can rescatter into each other. This interaction may be
described by a scattering matrix Sstrong given by
Sstrong =
(
e2iδα iT ei(δα+δβ)
iT ei(δα+δβ) e2iδβ
)
, (12)
where δα and δβ are the elastic scattering phases, T is assumed to be small so as to be treated only to first
order, Sstrong is unitary to that order and symmetrical to ensure time reversal symmetry. The two states fα
and fβ form a complete set of states given their flavour content, and using Aα(β)(P → fα(β)) = eiδα(β)Aα(β)
it can be shown that [33]
A(P → fα) = eiδα (Aα + iT Aβ) ,
A(P¯ → f¯α) = eiδα
(
A∗α + iT A∗β
)
, (13)
where Aα(β) is defined through Aα(β)(P → fα(β)) = eiδα(β)Aα(β). The second equation above follows from
imposing CPT invariance. Analogous equations are given for A(P → fβ) and A(P¯ → f¯β). So, it can be
seen that
|A(P¯ → f¯α)|2 − |A(P → fα)|2 = 2T =(A∗αAβ) ,
|A(P¯ → f¯β)|2 − |A(P → fβ)|2 = 2T =(A∗βAα) (14)
which leads to ∆Γ(P¯ → f¯α) = −∆Γ((P¯ → f¯β) or, alternatively,∑
i=α,β
∆Γ(P → fi) = 0 . (15)
Even for decays with more channels with same quantum numbers, the conclusion remains the same [33],∑
i
∆Γ(P → fi) = 4
∑
i
∑
j 6=i
Tij=(A∗iAj) = 0 . (16)
Note that, as made explicit by this Wolfenstein mechanism [43], it is the interference terms between (at
least) two hadronic rescattering amplitudes that generate an observable CP asymmetry.
The main lesson here is that CPT constrains not only the total widths of particle and antiparticle to
be the same, but also the sum of partial widths to final states with the same quantum numbers. For
instance, if one finds a sizeable positive CP asymmetry in a given decay mode, there should be strongly-
coupled final states for which the CP asymmetry has negative sign to compensate. One can also immediately
expect, as a consequence, that if a given final state is stable under strong interactions, e.g. without possible
rescattering process, direct CP violation would not be observed, even if the weak transition involves a weak
phase. This is the case of a semi-leptonic decay of a charged hadron such as B+ → pi0µ+νµ.3 Another
example is the decay K+ → pi+pi0 which, due to G-parity, cannot rescatter to any other final state, implying
Γ(K+ → pi+pi0) = Γ(K− → pi−pi0). Analogously, the sum of the partial widths of the two 3-pion final states
for K+ and K− has to be the same [40, 42], or equivalently
Γ(K+ → pi+pi−pi+) + Γ(K+ → pi+pi0pi0) = Γ(K− → pi−pi+pi−) + Γ(K− → pi−pi0pi0) . (17)
3Unless explicitly stated otherwise, charge conjugation is implied throughout the text.
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Clearly the CPT constraint gains flexibility when the number of possible connected final states increase.
For non-leptonic charm decays, in principle the families can be divided in terms of the strangeness quantum
number S: Cabibbo-favoured transitions, c→ sud¯ , with ∆S = +1; Cabibbo-suppressed transitions, c→ dud¯
or c → sus¯ , with ∆S = 0; and doubly-Cabibbo suppressed decays, c → dus¯, with ∆S = −1. For
beauty decays, there are in principle eight different families, considering the combinations of transitions
with ∆S = 0,±1 and ∆C = 0,±1 (C being the charm quantum number). Since the b-hadron masses are
higher than those of charm hadrons, the multiplicity of decay channels for each family is larger, making it
difficult to foresee where and how the compensation of an eventual CP asymmetry in a particular channel
would appear in the other strongly-coupled channels.
2.2. Short-distance effects and inclusive B decays
As discussed above, the presence of at least two amplitudes, with different weak and strong phases, is
a requirement for the manifestation of CP violation in decays. While weak phases in the SM appear from
specific CKM matrix elements, strong phases can appear from different sources. At short distances, a strong
phase can be produced from loop (second-order) processes. This effect is described for inclusive charmless
B decays by the BSS model [34]. The tree amplitude with b → u transition has the CKM weak phase γ,
and a strong, short-distance phase may arise from a penguin amplitude. Both contributions are shown in
Fig. 1.
Figure 1: (Left) Tree and (right) penguin diagram contributions to inclusive charmless b→ d, s transition. The index i on the
right plot sums over internal quarks u, c, t.
For the penguin operator to produce a strong phase, the intermediate particles need to be on-shell
[40, 43]. With an internal charm line, this can take place in a small part of the phase space, as discussed
in Ref. [44] and shown in Fig. 2. For charmless b → suu¯ it occurs only for q2 > 4m2c (q being the gluon
momentum and mc the charm quark mass), while, on the other hand, the tree amplitude is real.
Figure 2: Absorptive and dispersive penguin amplitudes, in arbitrary units, as a function of the ratio of the gluon momentum
transfer and the internal quark mass [44].
For a given inclusive flavour content of a B decay, for example ∆S = 1 and ∆C = 0, quark-hadron
duality [45, 46] involves the summation over all channels with final states with the same quantum numbers,
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as
∆Γ = Γ(b→ suu)− Γ(b→ suu) = −4=(λiλ∗j )
∑
f
= [Ai(b→ f) ·A∗j (b→ f)] , (18)
where f are the possible final states for the process, Ai and Aj are the decay amplitudes for each final state
f , and λi, λ
∗
j are the combinations of the relevant CKM matrix elements associated to the transition and
are factored out. The assumption of quark-hadron duality in principle allows the quoted CP asymmetries
to be free of hadronic uncertainties.
However, as discussed previously, CPT conservation demands the sum of partial width differences for
particle and antiparticle to be zero within a family of final states with the same quantum numbers. In
particular for the example being treated, both charmless B decays with ∆S = 1 and ∆S = 0 must each
have the total ACP = 0. Ge´rard and Hou [44, 47] noticed this inconsistency in the BSS mechanism and
presented a new proposal considering the CPT constraint, mostly including O(α2S) contributions.4 In any
case, for a large number of decay channels within a flavour family, the concept of an inclusive CP asymmetry
has no practical experimental usage other than to give an estimate of the order of magnitude expected for
CP violation.
2.3. Exclusive B decays and final-state interaction phases
The situation is quite different from the above when considering exclusive decays, where important
contributions may come from hadronic rescattering, as presented in Eq. 11. In principle, these FSI can
introduce strong phase shifts which are not restricted to be small according to some authors [45, 50–53].
But this is far from being a consensus. From a different standpoint, the authors of Ref. [54, 55] propose
a factorisation based on Quantum Chromodynamics (QCD) that assumes that, in the limit of the beauty
mass mb → ∞, the number of intermediate physical states is arbitrarily large and the soft rescattering
phases vanish at this limit.5 Thus the complications associated to the non-perturbative nature of hadronic
B decays can be treated systematically as 1/mb power corrections, which vanish at the heavy quark limit
through systematic cancellations [57]. Moreover, the large number of intermediate states is used as an
argument for not taking the CPT constraint into account. Very recently the calculation has been extended
to next-to-next-leading-order (NNLO) in QCD factorisation with a sizeable impact [58].
This long-term discussion has been using the B → Kpi system as the preferred place for confrontation.
These charmless B decays have branching fractions at O(10−5) and clean experimental signatures. Indeed
the B0 → K−pi+ decay was the first charmless B decay to be observed, and the first that had its direct
CP asymmetry well determined experimentally. The theoretical interest comes from the dominance of the
penguin contribution in all B → Kpi decays, and the contribution of a tree component in most of them,
with the b→ u process providing the weak phase γ.
Besides the short-distance contribution mentioned above, there are two possible classes of hadronic
rescattering contributions for B → Kpi decays, one coming from a process involving charm hadronic inter-
mediate states, the other involving only light-meson final states. A suitable division for these contributions
is proposed in Ref. [59]: the first group is defined as B → fc → Kpi, with fc = D(∗)D(∗)s and also called hard
hadronic rescattering [50, 51, 53]. The second group involves B → fs → Kpi, with fs = K∗pi,K∗ρ,K∗η,
among others, and is called soft rescattering [51, 52, 59, 60]. Although the rescattering involving the fs
family of intermediate states is more likely than that of the fc family, the two orders of the magnitude larger
branching fractions of the latter family relative to the former may allow both possibilities to be competitive.
The advantage of the short-distance QCD factorisation approach is the possibility to predict the level of
direct CP asymmetry for several B exclusive final states [54, 55] to be compared to those from experimental
data. On the other hand, the hadronic rescattering approaches to B → Kpi (or two-body decays in general)
do not allow a similar direct comparison. However, as discussed in Sect. 4 and 5, multi-body B decays can
shed light on this debate.
4An interesting relationship between these O(α2S) contributions and the recent direct CP symmetry distributions observed
in charmless three-body B decays can be found in [48]. Such calculations can also be found in [49].
5The heavy-quark limit is also used in a different approach known as soft-collinear effective theory (SCET) [56].
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Figure 3: Tree and penguin topologies for a charm-hadron CS decay, where q can be an s or a d quark.
2.4. What to expect in charm decays
At a mass scale around 2 GeV,6 charm hadrons lie in a region of semi-perturbative QCD, at most, for
which the heavy quark limit mentioned above is not such a good tool. For general reviews on charm physics,
see for instance Refs. [61, 62]. Strong interactions at low energy play a major role which makes it a challenge,
from the theoretical point of view, to describe the dynamics of their hadronic decays.
Charm transitions at tree level are driven by the 2×2 Cabibbo “sub-space” of the CKM matrix, which
is unitary and real up to O(λ4). Loop and box processes allow, however, the phenomena of D0−D0 mixing
and CP violation to occur at very low rates. Oscillations in the neutral charm system have been observed
for the first time in 2007 [63–65] and is now very well established [30, 31] but so far there is no evidence for
CP violation associated to mixing [32].
Within the CKM mechanism, direct CP violation in charm is only possible in singly Cabibbo-suppressed
(CS) decays. As for the case of B decays, both tree and penguin amplitudes can produce final states with
the same flavour content, as depicted in Fig. 3. Contrary to B decays, though, the penguin amplitude is
expected to be very small. Within the Wolfenstein parameterisation [20], the tree topology amplitude is
proportional to λ and for the penguin topology the relevant contribution is with the b quark in the loop,
which carries the weak phase γ at λ5 level, so the interference term appears with a λ4 dependence relative
to the leading term. No weak phases are expected from penguin contributions with d and s quarks in the
loop, which moreover almost cancel due to the GIM mechanism. A tree-level interference between c→ ddu
and c→ ssu is also sensitive to the complex nature of the CKM matrix since Vcd gets an imaginary term at
order O(λ5). The imaginary part of the interference term is then VudV ∗cdVusV ∗cs which, by the CKM orthogonality
relations, is also at the λ4 level relative to the leading term. This tree-level effect can appear for certain
final states such as D0 → K0SK0S , η′pi0,K+K−pi+pi−, and D+ → pi−pi+pi+,K−K+pi+ and can also play a
role through rescattering for D0 → pi−pi+,K−K+ [66, 67].
A general form for the amplitude of a CS decay can be written as [68]
ACS = GF√
2
λd T
[
1 +
λb
λd
P
T
]
, (19)
where GF is the Fermi weak coupling constant, λq = V
∗
cqVuq (q = d, s, b) is the product of the relevant CKM
matrix elements (and by unitarity λs = −λd − λb) and T and P are the contributions driven by λd and λb,
respectively, thus the latter carrying the weak phase. By computing the CP asymmetry, as in Eq. 8 (and
neglecting the |P/T | terms in the denominator when compared to 1) it is easy to see that
A
(CS)
CP = 2
λb
λd
sin γ sin δs
∣∣∣∣PT
∣∣∣∣ (20)
where the weak (γ) and strong (δs) phases are shown explicitly. The ratio
∣∣P
T
∣∣ is unknown, as well as the
strong phase. While this expression is rather general, it refers to the direct CP violation contribution. For
D0 decays, the observed time-integrated asymmetry also receives a contribution from indirect CP violation
(as discussed in Sect. 7.1). For multibody decays the asymmetries can also be accessed throughout the phase
space while Eq. 20 refers to the phase-space integrated asymmetry. With the current values for λb, λd and
γ [78], A
(CS)
CP ≈ 1.4× 10−3 sin δs
∣∣P
T
∣∣ is obtained.
6Natural units are used.
9
An estimate of the ratio
∣∣P
T
∣∣ is challenging in the SM, and many authors arrive to different results,
depending on the assumptions made. Short-distance QCD gives
∣∣P
T
∣∣ ≈ αspi ≈ 0.1 which leads to A(CS)CP ≈
10−4 (assuming sin δs ≈ 1) or even less [70, 71]. Yet non-perturbative effects may give rise to penguin
enhancements, flavour SU(3) symmetry breaking and rescattering effects which could push asymmetries to
as high as a few per mille (see for instance [66, 72–74]). This is further discussed in Sect. 7.
Direct CP violation has now been observed through the difference in CP asymmetries between the decays
D0 → K+K− and D0 → pi+pi− [29] at the level of O(10−3). This is an impressive achievement and further
stimulates the search for signs of CP violation in other decays. The measured value is higher than those
from short-distance expectations and in principle favours models with hadronic enhancements. It also give
some fuel for new physics (NP) models [75–77].
Indeed the search for CP violation in charm is an excellent place to look for new dynamics due to the
low “background” from the SM. There are many channels for which the experimental uncertainties are still
above a few percent and can be tested for sources of CP violation beyond the SM.
In any case, SM or beyond, the interplay of weak and hadronic amplitudes still dictates the level of CP
violation to be observed. Moreover, as discussed previously, for particle and antiparticle decays the CPT
invariance constrains the sum of their partial widths to final states with same flavour content to be the
same. The multiplicity of final states here, when compared to B decays, is not so high and thus the CPT
constraint can turn out to be more enlightening and helpful than that in the b-quark sector.
3. Experimental facilities and analysis tools
As discussed previously, it took a long time since the first observation of CP violation in the neutral
kaon system to the start of a rich programme of CP violation measurements, occurring at the beginning
of the 21st century with the measurement of sin 2β in B0 → J/ψK0S decays by the Babar [8] and Belle
collaborations [9]. Now, two decades has passed and we have witness how a coherent picture of the CP
violation phenomena has emerged from a wide range of results, with a remarkable consistency with the
CKM description [78, 79]. Within the last 10 years or so, many experiments, such as D∅, CDF, CLEO, and
BESIII, have contributed to direct CP violation measurements, but largely the bulk of results comes from
BaBar, Belle and LHCb. Here we briefly describe some of their main features, and then discuss Belle II and
the Upgrade LHCb, which will lead the field for the next decade. The principal aspects and techniques for
the measurement of direct CP violation observables are presented afterwards.
3.1. Main facilities for CP violation in beauty and charm hadrons
The fundamental aspects of a detector dedicated to beauty and charm physics are: excellent vertex-
ing and tracking capabilities, in order to provide a good reconstruction of charged particles and a precise
determination of the b- or c-hadron decay vertex; a reliable particle identification system, fundamental to
distinguish the final-state particles (protons, kaons, pions, muons, etc); good momentum and time resolu-
tions. For the study of neutral B and D mesons it is also fundamental a trustful tagging system, i.e. the
knowledge of the flavour of the neutral meson at production (or at a given time), to allow the study of its
time evolution and its decay to self-CP -conjugated final states.
In the quest for the first signs of CP violation in the beauty sector, the B factories, BaBar [80, 81] and
Belle [82], took the leading role for many years. They both relied on a copious production of B+B− and
B0B0 pairs at the Υ (4S) bottonium resonance, corresponding to a centre-of-mass energy of 10.58 GeV. The
PEPII machine provided e− and e+ beams to BaBar at energies of 9.0 and 3.1 GeV, respectively, while
KEKB machine, for Belle, had e− and e+ energies at 8.0 and 3.5 GeV, respectively. The energy-asymmetric
beams were designed to provide the BB¯ pair a boost in the laboratory, in order for the B-decay vertices
to be well separated from the production vertex. The B0B0 pair were produced as an entangled quantum
system, and by measuring the flavour of one B meson at its decay vertex through a flavour-specific mode it
was possible to determine the flavour of the other (conjugate) B meson. Since charm mesons are common
decay products of B mesons, BaBar and Belle had also a significant impact on charm physics. With e−e+
collisions producing low hadronic background, and an almost 4pi of geometrical coverage, the experiments
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were very efficient for reconstructing both charged and neutral final-state particles. The BaBar experiment
ran from 1999 to 2008 and cumulated about 424 fb−1 of data at the Υ (4S) resonance while Belle ran from
1999 to 2010, cumulating 711 fb−1 at the same energy. 7 For further details, a nice review can be found in
Ref. [37].
The LHCb experiment [83, 84] has entered the game with the start of the LHC in 2010 with proton-
proton collisions at 7 TeV, and since the last 5 years is leading the experimental field of CP violation. The
LHCb is a single-arm forward detector with an angular coverage corresponding to the pseudorapidity in the
range 2 < η < 5, taking advantage that b and c hadrons are produced at relatively small angles with respect
to the pp beam direction. In contrast to e−e+ machines, the initial state is not known for pp collisions at
the LHC; the main mechanism for heavy-flavour production is gluon-gluon fusion, and a typical event may
produce a hundred charged particles. For illustration, a comparison of the event profiles at Belle and LHCb
is shown in Fig. 4. To distinguish the b- and c-hadron decay products from a large background, LHCb relies
on an efficient and reliable trigger system, capable of full online reconstruction, exploiting the topological
characteristics of the desired decay processes. The reconstruction of neutrals, nevertheless, are not very
efficient when compared to that from low-occupation e−e+ collisions. Another important difference, very
relevant for CP violation studies, is that the initial state is not CP symmetric and this leads to particle-
antiparticle production asymmetries that have to be considered (subtracted) for the study of (or search for)
CP asymmetries. The data was taken in two periods: run I with collisions at a centre-of-mass energy of
7 TeV in 2011 and at 8 TeV in 2012, with integrated luminosities of 1 fb−1 and 2 fb−1, respectively; and run
II, from 2015 to 2018, at a centre-of-mass energy of 13 TeV with an integrated luminosity of 6 fb−1. While
the great majority of LHCb analyses based on run I data are completed, many studies based on run II data
are still under progress, and we shall expect new results throughout the next few years.
Figure 4: (left) A typical event from e−e+ collisions at Belle II, as obtained from simulation (source: image courtesy of Belle
II/KEK). (right) A pp-collision event recorded by the LHCb experiment (source: taken from [85]).
Meanwhile, the Belle II experiment [86, 87] has started its physics run in 2019 and will continue until
2025. All components of the detector are new or highly upgraded with respect to the former Belle detector to
be able to operate at an event rate 40 times higher than before, now provided by the SuperKEKB accelerator
[88]. As KEKB, the e−e+ collisions occur at centre-of-mass energies in the region of the Υ resonances, mainly
the Υ (4S). The expected integrated luminosity is 50ab−1.
The LHCb Upgrade I [89] is currently being commissioned for the start of run III of LHC in 2021. It
is a major upgrade, with a factor of five higher luminosity as compared to run II, with the goal to collect
7Although the majority of the data taking occurred at the Υ (4S) resonance, both BaBar and Belle took data off-resonance
to study background. BaBar also had runs at Υ (2S) andΥ (3S), while Belle had a dedicated Υ (5S) run which allowed the
production of B0sB
0
s pairs.
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50 fb−1 by the end of run IV in 2028. The LHCb Upgrade II [90, 91] is planned from 2031 onwards (run V)
during the High Luminosity LHC (HL-HLT) operation period.
LHCb and Belle II will allow comprehensive and complementary programmes on quark-flavour physics
in the next decade. While Belle II will be able to efficiently study final states with neutral particles and
benefit from a very efficient tagging system, LHCb will have much larger yields for final states with charged
particles and the capability to produce all b-hadron species, specially B0s , B
+
c and b-baryons.
3.2. Direct CP violation in the decay rate
As discussed in Sect. 2, the usual observable when measuring or searching for CP violation in decays is
the charge asymmetry, as defined in Eq. 7. For two-body decays of D and B mesons, this is the only CP
violation observable. Experimentally, though, one measures the particle and antiparticle yields, N(P → f)
and N(P¯ → f¯), respectively, which are affected by a chain of effects from production, reconstruction, and
final selection of events. The observed raw asymmetry is obtained,
Araw =
N(P → f)−N(P¯ → f¯)
N(P → f) +N(P¯ → f¯) , (21)
which needs then to be corrected for eventual production, AP, and detection, AD, asymmetries. Usually
these constitute small effects, of a few percent at most, which allow the approximation [92]
ACP ≈ Araw −AP −AD . (22)
The precise measurement of these nuisance asymmetries is thus fundamental. Usually they are measured
through control channels for which no CP violation effects are expected.
For baryons and for multi-body decays other measurements can also be accessed, due to polarisation and
phase space, as discussed in the following.
3.3. Direct CP violation in multi-body decays
For three or more particles in the final state, besides the measurement of the (total) charge asymmetry,
CP violation can be studied through the phase space distribution of the decay. Usually in B and D mesons
decays, the process is dominated by the formation of resonances as intermediate states, which then decay
strongly or electromagnetically to form the detectable final state. The distribution of events throughout the
phase space is the result of the superposition of the various amplitudes, and the interference pattern depends
directly on the strong and weak phases involved. The rich dynamics potentially allow different sources of
strong phases to appear. It is natural to expect localised CP asymmetries to be stronger than phase-space
integrated ones, and can even change sign. Altogether these features make multi-body decays an excellent
tool for studying CP violation in the hadronic sector.
To measure or to search for CP violation over the phase space, two approaches are pursued: model-
dependent and model-independent analyses. The first is based on an amplitude analysis fit; the decay
amplitude is modelled as a coherent sum of intermediate states such that their relative contributions can
differ for particle and antiparticle decays. In model-independent strategies the phase space distributions
for particle and antiparticle decays are directly compared to look for regions where there are statistically
significant differences, and localised asymmetries can be measured. The two approaches are complementary:
while model-independent techniques can pin down the regions of the phase space where CP violation is
manifest, amplitude analysis can identify its dynamical source.
3.3.1. Amplitude analysis
Decays of D and B mesons to three pseudo-scalar mesons in the final state have their dynamics fully
described in terms of only two invariants. By writing a general decay as P → h1h2h3 (P = B,D and h1,2,3
light mesons) this two-dimensional phase space can be constructed in terms of two-body squared invariant
masses such as s12 = m
2(h1h2) and s23 = m
2(h2h3), the so-called Dalitz plot. The distribution of events in
the Dalitz plot is directly proportional to the total amplitude squared, with no phase-space factors involved.
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The simplest and most common approach for an amplitude analysis is the so-called isobar model where
the total amplitude is described as a coherent sum of resonant amplitudes, for instance P → R12h3, R12
being a resonance decaying to h1h2; the “companion” hadron h3 is assumed to not interact with the h1h2
system.
The intermediate resonance is described by a propagator, usually a relativistic Breit–Wigner, which is a
good representation only for narrow and non-overlapping resonances, having the form
BWR =
1
m2R − sij − imRΓR(sij)
, (23)
where ΓR is the energy-dependent width, which introduces a strong phase variation of 180
◦ around the
nominal resonance mass mR, and i, j represent the label of the hadron pair it decays to. Each resonant
amplitude is described as
AR = JFPJFR × JMR × BWR , (24)
where J is the spin of the resonance, the factors JFP,R are the Blatt–Weisskopf damping factors [93], account-
ing for the finite size of the P and R mesons, and JMR is an angular factor, ensuring angular-momentum
conservation [94]. Explicitly, 0MR = 1,
1MR = −2|pk||pi| cos θRijki and 2MR = 4(|p3||p2|)2(3 cos2 θRijki − 1) for
resonances of spin 0, 1 and 2, respectively, where pi(k) is the modulus of the momentum of particle hi(k) and
θ
Rij
ki is the angle between the momenta of particles hk and hi in the hihj rest frame.
The total amplitude is then written as a superposition of individual amplitudes
A(s12, s23) = anreiδnrAnr(s12, s23) +
N∑
n=1
ane
iδnARn(s12, s23) , (25)
where a magnitude an and a phase δn are associated to each resonant contribution n; these are parameters
to be determined by the amplitude fit, the former giving the relative strength and the latter representing an
attributed phase incorporating potentially the effects of both weak and strong phases. The first term allows
for a possible non-resonant contribution, with magnitude anr, phase δnr and the shape Anr usually assumed
to be a constant for D decays and an exponential or a single-pole function for B decays [94–97]. The Dalitz
plot is fitted allowing for CP violation, that is, an and δn, for the decay of P meson, and a¯n and δ¯n, for the
decay of P¯ meson, are independent fit parameters.
The isobar approach, while simple, has limitations. One of them is the assumption that the companion
hadron (that not resulting from the decaying resonance) does not take part in the dynamics. This is the
2+1 or quasi-two-body approximation and is discussed below in Sect. 3.3.2. The other is that it is known
to be fairly good only for narrow, non-overlapping resonances with the same quantum numbers. There are
examples of three- or four-body B and D decays where low-mass (. 2 GeV) broad scalar resonances are very
important or even dominant. Assuming the 2+1 approximation to be exact, the simple sum of relativistic
Breit–Wigners would not preserve two-body unitarity.8 To overcome such a problem, some analyses have
been using alternative approaches for the parameterisation of the S-wave. One is a quasi-model-independent
approach, where the S-wave amplitude is binned throughout the two-body invariant mass range to fit for its
amplitude and phase in each bin, as in Refs. [99–102]. Another one is the K-matrix approach [103], which
imposes two-body unitarity by using external data from scattering experiments, as in Refs. [102, 104].
Yet, while approximate, the simple and elegant isobar model can reveal important features related to
what has been discussed in Sect. 2. To illustrate this, we show a simple example with only two resonant
amplitudes appearing in the h1h2 channel, interfering in a particular region of the Dalitz plot. Suppose one
is a vector resonance, for example ρ(770)0 and the other a scalar, f0(980).
9 For simplicity and without loss
of generality, we represent each resonant amplitude by a Breit–Wigner, and consider only the relevant cos θ
8However the validity of the isobar model finds support with arguments in Ref. [98].
9Scalar plus vector amplitudes are the dominant configuration in the low-mass regions in three-body heavy meson decays.
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factor for the ρ(770)0 amplitude (cos θR1213 in this case).
10 The two charge-conjugate amplitudes are written
as follows:
A = aρeiδρBWρ cos θ + af0eiδf0BWf0
A = a¯ρeiδ¯ρBWρ cos θ + a¯f0eiδ¯f0BWf0 . (26)
Besides the inherent (and energy-dependent) Breit–Wigner phases, the phases δ and δ¯ represent, as men-
tioned before, the net effect of contributions from the strong phase due to on-shell penguin diagrams,
final-state (soft) hadron-hadron interactions, and the underlying weak phase from the CKM matrix. The
difference of the total amplitude squared for particle and antiparticle is given by
∆|A|2 = |A|2 − |A|2 = [a2ρ − a¯2ρ]|BWρ|2 cos2 θ + [a2f0 − a¯2f0 ]|BWf0 |2 +
2|BWρ|2|BWf0 |2 cos θ ·{ [
(m2ρ − s12)(m2f0 − s12) + (mρΓρ)(mf0Γf0)
] [
aρaf0 cos(δρ − δf0)− a¯ρa¯f0 cos(δ¯ρ − δ¯f0)
]
− [mρΓρ(m2f0 − s12)−mf0Γf0(m2ρ − s12)] [aρaf0 sin(δρ − δf0)− a¯ρa¯f0 sin(δ¯ρ − δ¯f0)] } . (27)
The first two terms correspond to a CP asymmetry associated to each of the resonances individually.
A short-distance tree-penguin interference would manifest through them (assuming the resonance can be
formed by both processes). It would be the analogous case of a two-body asymmetry, but here as a quasi-
two-body state. Due to its vector nature, the signature from the first term is the cos2 θ distribution, and this
feature shall be better discussed in Sect. 3.3.2. From the amplitude fit, a CP asymmetry for each individual
amplitude can be defined in terms of the magnitudes. For instance, for the ρ(770)0 amplitude
AρCP =
a2ρ − a¯2ρ
a2ρ + a¯
2
ρ
. (28)
The interference term between the two resonant amplitudes gives rise to the third term of Eq. 27, and
is proportional to cos θ. As such, this term drives a change of sign of the asymmetry throughout the phase
space, the inflexion region being around cos θ ≈ 0. Yet, this factor multiplies terms related to the complex
nature of the Breit–Wigner. When s12 crosses the resonance nominal mass m
2
n (either ρ(770)
0 or f0(980)),
the CP asymmetry associated with this contribution tends to change sign. This effect has been seen on data
in the decays B± → pi±pi+pi+ and B± → K±pi+pi+ as discussed later in Sect. 4.2.1. This S- and P-wave
interference term, integrated in the whole phase space, must be equal to zero due to orthogonality, and
consequently the net CP asymmetry coming from the third term should be equal to zero. The integrated
asymmetry may still receive contributions from the first and second terms though. In Sect. 3.3.2, we discuss
that, by strictly assuming the 2+1 approximation, CP violation involving light vector mesons should be
very small.
3.3.2. The quasi-two-body approximation
Any approximation neglecting hadron interactions in multi-hadron decays, such as the 2+1 approxima-
tion, has to be taken with parsimony. Weak decays are point-like interactions, and strong forces mediate
the final state formation. The validity of the approximation may depend on specific cases but in general
one would expect to be better for B than for D decays, and with less hadrons in the final state.
In fact, despite the large use of the 2+1 approximation in three-body D amplitude analyses, some
problems have been observed with this approach in experimental studies. The Fermilab E791 [99] and
FOCUS [100] experiments have performed a quasi-model-independent partial wave amplitude (QMI-PWA)
approach to measure the K−pi+ S-wave in the D+ → K−pi+pi+ decays. Both results deviate from the
10Unless otherwise stated, wherever cos θ appears throughout the text, θ refers to the angle θ
Rij
ki defined earlier, that is, that
of the direction of the companion hadron hk with hi in the hihj rest frame.
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K−pi+ S-wave measured by the LASS scattering experiment [105], as shown in Fig. 5 for the E791 result.
The K−pi+ system, if isolated, should present the same phase behaviour independently of the production
process, according to the Watson theorem [106]. A plausible explanation for the difference in the K−pi+
behaviour is the interaction with the companion pi+ in the D+ → K−pi+pi+ decay.
The QMI-PWA of the D+s → pi−pi+pi+ [101] and D+s → K−K+pi+ [107] decays have also presented
a different behaviour for the pi−pi+ and K−K+ S-wave, respectively, when compared to those from two-
bodies elastic scattering [108, 109]. Altogether these results reinforce the idea that the companion particle
in three-body D decays takes a role in the final state.
The importance of three-body final-state interactions (FSI) in heavy-meson decays has been investigated
by different theoretical groups [110–114]. They use a simple model implementing three-body unitarity,
solving the Faddeev equation. The first-order rescattering interaction is represented through a vector-
resonance intermediate state as shown in Fig. 6. Additional contributions can be added by including higher-
order loops in a transition matrix that sums the connected scattering series from a ladder graph [114, 115],
as shown in Fig. 7. In this figure, three-body rescattering effects in these decays have been classified as
a direct term, with a small correction to the Breit–Wigner lineshape [116], and an induced term, with a
possible presence of a resonant term to the same three-body final state [117]. Figure 8 presents the Dalitz
plot distribution for these two terms.
Figure 5: The S-wave phase as a function of the K−pi+ mass from the QMI-PWA D+ → K−pi+pi+ Dalitz plot fit, taken from
[99]. The band shows the result of the Isobar model fit in a previous work [118]. The hashed vertical line shows the elastic
range according to LASS [105].
Figure 6: Leading vector-current contribution to the D+ → K−pi+pi+ decay [112].
For three-body charmless B decays, with a much larger phase space, the 2+1 approximation would
be expected to be less problematic. However, depending on the momentum distribution of the final-state
particles in the Dalitz plot, the validity of the approximation is better in some regions than in others. For
instance, in the B-meson rest frame, the corners of the Dalitz plot (see Fig. 9) correspond to a configuration
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Figure 7: Direct and Induced terms produced in a three-body rescattering [115].
Figure 8: Signatures in the Dalitz plot for the direct and Induced terms in re-scattering [115].
in which one particle is at rest. The midway between the corners corresponds to a configuration where
two of the particles are colinear, thus having the same scalar momentum as the third particle. The centre
of the Dalitz plot has all three particles with the same scalar momentum. Thus the validity of the 2+1
approximation may be better in some regions than in others. The participation of the third particle in the
two-body interaction can change the two-body strong phase over the Dalitz plot and should be taken into
account in CP violation studies.
The characteristics of the three-body momentum distribution over the phase space for the specific process
of B+ → pi−pi+pi+ have been addressed in Refs. [119, 120]. The authors show that the peripheral regions
of the Dalitz plot, where light resonances appear, are essentially dominated by non-perturbative effects. On
the other hand, the central region of the Dalitz is dominated by large momentum transfer, allowing for a
quasi-perturbative treatment of QCD.
Figure 9: A sketch of the relative momenta for particles 1, 2 and 3 in the Dalitz plot constructed by s12 and s23 invariants.
Taken from [121].
3.3.3. The Miranda techniques
The use of amplitude analyses allows to access amplitude differences – both their magnitudes and phases
– between particle and antiparticle decays, but relies on an adequate modelling of the possible intermediate
states and, as discussed in Sect. 3.3.1, the description of three- and also four-body decays is a complicated
task with non-perturbative QCD effects possibly playing a major role depending on the region of phase
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space. The study of CP violation in multi-decays can also be carried out by model-independent techniques
by comparing the distribution of events for particle and antiparticle over the phase space.
As a search tool for CP violation, which is particularly relevant for D decays, the Miranda technique [122]
consists in dividing the phase space in bins of the relevant variables (for instance, the two Dalitz plot variables
in a three-body decay) and for each bin i the number of observed events Ni(P ) and Ni(P¯ ) for the decay
of particle P and its CP conjugate process, respectively, are obtained. The bin sizes can be uniform across
the phase space, or adaptively defined according to a given criterion (for example, number of events in each
bin). An asymmetry significance is calculated for each bin
SCP (i) =
N i(P )− αN i(P¯ )√
α(N i(P ) +N i(P¯ ))
, (29)
where the factor α =
∑
iN
i(P )/
∑
iN
i(P¯ ) is used to normalise the total sample size of P¯ decays to that
of P . It serves to correct for any global asymmetries, such as those coming from production and detection
effects, but also includes the net effect of the integrated CP asymmetry. The method is highly sensitive
to local asymmetries, expected to be more pronounced that the integrated one. Under CP conservation,
the distribution of SCP (i) follows a Gaussian distribution, with mean and width equal to zero and one,
respectively.11 Any deviation is indication of CP violation. In this case, the distribution pattern of SCP (i)
through the phase space evidences the regions where the effect appears. A p-value for the CP conservation
hypothesis can be obtained by constructing a χ2 ≡∑i S2CP (i) and the number of degrees of freedom, which
is equal to the number of bins minus one (due to the α normalisation). Figure 10(a) shows a typical Miranda
distribution where a simulated sample of about 1 million D± → pi±pi−pi+ decays with a 1% (3.6◦) phase
difference is included in the ρ(770)0pi+ component with respect to that of ρ(770)0pi− [122].
In the case of presence of a measurable CP violation effect, the method above is very sensitive to it, giving
p-values incompatible with the null hypothesis, and it is possible to distinguish the regions in the Dalitz
plot with substantial SCP values, but otherwise gives no quantification. A “second generation” Miranda
technique [123] is dedicated to the measurement of CP asymmetries across the phase space. The method
strengthens local effects by obtaining asymmetries through the division of the Dalitz plot in bins of equal
population for the combined samples of particle and antiparticle decays: each bin has N toti = Ni(P )+Ni(P¯ )
events. In Fig. 11 a simulation of B0 → K0Spi+pi− decays is shown, where CP violation was introduced as
a 60◦ phase difference in the ρ(770)0K0S mode. In the left plot, localised positive and negative asymmetries
are clearly seen, reaching values as high as 80%, although the total integrated asymmetry is only about
1%. In the right plot, the distribution of asymmetries is shown. This is a clear example evidencing how
CP violation effects can be substantially stronger in regions of the phase space when compared to the total,
integrated, CP effect.
We discuss the use of these techniques in Sects. 4 and 6.
3.3.4. Unbinned techniques
The search for CP violation within the phase space in a model-independent way can also be performed
through unbinned, event-by-event techniques. One such technique is the so-called energy test [124–126]. The
method relies on a test statistic, T , for a comparison of distances of pairs of events in the phase space,
T =
N∑
i,j>i
ψij
N(N − 1) +
N¯∑
i,j>i
ψij
N¯(N¯ − 1) −
N∑
i
N¯∑
j
ψij
NN¯
. (30)
The first and second terms correspond to the average weighted-distance between events in the sample of
particle P (with N total events) and antiparticle P¯ (N¯ events), respectively. The third term measures the
same quantity but now between P and P¯ events. The metric function ψij is usually chosen as a Gaussian,
ψij = e
−d2ij/2δ2 where dij is the “distance” (measured in GeV2/c4) between the i and j events in the phase
11The number of entries in each bin is ensured to be large enough to guarantee Gaussian uncertainties.
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Figure 10: Example of SCP distribution for simulated D
± → pi±pi−pi+ decays where a 1% phase difference was introduced
between ρ(770)0pi+ and ρ(770)0pi− amplitudes. From the top-left plot clockwise: SCP across the Dalitz plot, distribution of
SCP for the whole Dalitz plot, SCP for regions II, and I, as taken from Ref. [122].
space. The parameter δ is an effective radius which defines the region where the distributions for P and P¯
are being compared. If localised CP asymmetries are present, the last term in Eq. 30 is smaller, since the
average distances are larger, when compared to a scenario with no asymmetries, and the T value will be
larger. To do this comparison and access a p-value for the hypothesis of CP conservation, the nominal T
value is compared to a distribution of T values obtained from permutation samples (associating randomly the
“flavour” – P or P¯ – to all events for each permutation sample). When compared to the binned technique,
the energy test has been shown to have equivalent or higher sensitivity to CP violation effects [126].
An alternative unbinned technique is the k-nearest neighbour (kNN) method [127, 128]. Instead of using
a metric function to define an effective region around each event, a given number of nearest neighbours
is defined and among them the number of particle and antiparticle events are evaluated. Similar to the
energy-test method, a test statistic T is constructed for the whole phase space (or for phase-space regions)
T =
1
nk(N + N¯)
N+N¯∑
i=1
nk∑
k=1
I(i, k), (31)
where I(i, k) = 1 if the ithevent and its kthnearest neighbour have the same charge and I(i, k) = 0 otherwise;
N (N¯) is the number of P (P¯ ) events. The test statistic T is the mean fraction of like-charged neighbour
pairs in the combined P and P¯ samples. The advantage of the kNN method, in comparison with energy-test,
is that the calculation of T is simple and fast and the expected distribution of T is well known: for the
null hypothesis it follows a Gaussian distribution with mean µT and variance σ
2
T calculated from known
parameters of the distributions. A p-value for the null hypothesis can then be obtained.
Both unbinned methods have been used for searches of CP violation in three- and four-body charm
decays, as discussed in Sect. 6. As in the case of the binned Miranda method given by Eq. 29, these
18
Figure 11: (left) Charge asymmetries across the Dalitz plot from simulated B0 → K0Spi+pi− decays; (right) distribution of the
charge asymmetries in different regions of the phase space [123].
methods are search tools and rely on the assumption that potential nuisance asymmetries, those coming
from production or detection effects, do not vary across the phase space. Typically control modes, for which
CP violation signals are not expected, are studied prior to the modes of interest, to guarantee this premise.
3.3.5. Triple products
For four-body decays or for baryon three-body decays (due to the baryon polarisation), other CP -
violating observables can be accessed. A triple-product in terms of the final-state particle momenta can be
constructed,
CT ≡ ~p1 · ~p2 × ~p3, (32)
where subscripts 1, 2 and 3 represent the final-state particles (three out of three for baryon decays, or
three out of four for meson decays). The CT quantity constitutes a T-odd observable — which reverses
sign under reversal of momenta and spin of all involved particles (it is not the same as a true time reversal
odd variable). For a particle P (meson or baryon) decaying to a final state f , the triple product T-odd
asymmetry is defined as
AT =
Γ(P → f ;CT > 0)− Γ(P → f ;CT < 0)
Γ(P → f ;CT > 0) + Γ(P → f ;CT < 0) (33)
and analogously for the P¯ process,
A¯T =
Γ(P¯ → f¯ ;−CT > 0)− Γ(P¯ → f¯ ;−CT < 0)
Γ(P¯ → f¯ ;−CT > 0) + Γ(P¯ → f¯ ;−CT < 0)
. (34)
In the presence of final-state interactions, AT and A¯T are generally different from zero even in the absence
of CP violation, but a CP violation observable can be constructed through the asymmetry
aT−oddCP ≡
1
2
(
AT − A¯T
)
, (35)
which, under CPT conservation, is different from zero if CP is violated — even in the absence of strong
phases. Indeed, not relying on strong phases constitutes a clear advantage of this CP observable, making
this kind of measurement complementary to the usual asymmetries. Moreover, by construction aT−oddCP as
well as AT and A¯T are insensitive to production and detection asymmetries.
In Sect. 4.2.5 and 7.3 results of searches for CP violation using triple products are presented.
4. Direct CP violation in charmless B decays
For b-hadron decays, b → u transitions – leading to charmless final states – are highly suppressed due
to the small value of |Vub|, when compared to b → c processes. The weak phase γ enters at the tree-
level amplitude. Penguin transitions leading to the same final states can be of comparable size as the tree
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amplitude due to the top quark in the loop, thus interference terms for which CP violation could be assessed
are naively expected to be large, depending on the size of the strong phases.
There are a variety of two-, three- and multi-body charmless final states from b-hadron decays. The
measurements of CP violation effects for these channels make use of some of the techniques described in
the previous section. For two-body decays, ACP is obtained directly from the event yields from particle and
antiparticle decays, correcting for nuisance asymmetries when applicable. The same goes for phase-space
integrated measurements of multi-body decays, while for resonant intermediate states or for asymmetries
in localised regions of the phase space the use of amplitude analyses and model-independent techniques is
required.
4.1. Two-body decays
Although there are many two-body charmless B decays, for only a very few of them the measured CP
asymmetry is statistically significant. In 2004, BaBar [129] and Belle [130] collaborations presented the
first experimental evidence for CP violation in B0 → K+pi− decay, with a statistical significance around 4σ
(where σ is one standard deviation). It was only in 2012 that the BaBar collaboration [27] observed this
decay channel with more than 5σ, followed by direct CP asymmetry observation of B0s to the same final
state from the LHCb collaboration [28]. The K+pi− and K−pi+ mass spectra obtained are shown in Fig. 12
where one can clearly see that the yields for both B0 and B0s are higher that those for B
0 and B0s.
Figure 12: Invariant-mass distributions for (a) B0 → K+pi−, (b) B0 → K−pi+, (c) B0s → K−pi− and (d) B0s → K−pi+. The
legend describes the fit components [28].
The best measurement for these decays, with CP violation fully established, comes from the recent
update from the LHCb experiment [131]:
ACP (B
0 → K+pi−) = −0.084± 0.004± 0.003 ,
ACP (B
0
s → K+pi−) = 0.213± 0.015± 0.007 , (36)
where the first uncertainty is statistical and the second systematic.12
12Unless otherwise stated, whenever measurements appear with two uncertainties, the first is statistical and the second
systematic.
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The theoretical prediction from NNLO approach of the CP asymmetry for the B0 → K+pi− decay is
(8.08±1.52±2.60)% (not including long-distance effects)[132].13 The experimental value above, with opposite
sign with respect to the theory prediction, opened speculations about the possibility of new physics (NP)
effects. An interesting and robust relationship between the ACP of this decay and the ACP of B
0
s → K+pi−
decay was proposed by Lipkin [133] to test whether the result was consistent with the SM. Using U-spin
symmetry [134], the interference terms from these two decays are expected to be very similar, producing the
approximate equality |A(B0s → pi+K−)|2 − |A(B¯0s → pi−K+)|2 ≈ |A(B¯0 → pi+K−)|2 − |A(B0 → pi−K+)|2,
which can be rewritten as
∆ =
ACP (B
0 → K+pi−)
ACP (B0s → K+pi−)
+
B(B0s → K+pi−)τd
B(B0 → K+pi−)τs ≈ 0, (37)
where τd and τs are the B
0 and B0s mean lifetimes, respectively. Thus, from the measurements in Eq. 36, the
LHCb collaboration quotes ∆ = 0.11±0.04±0.03 [131], which is consistent with Eq. 37 within experimental
uncertainties and favouring the SM nature of CP violation in these decays.
A third charmless two-body B decay with well established direct CP violation is the B0 → pi+pi−
mode. Since this final state is self-CP conjugate, the measurement was performed with the time-dependent
formalism presented in Eq. 9. The parameters Cpi+pi− and Spi+pi− were measured by Belle [135], BaBar [27]
and more recently by LHCb [131] collaborations.
The time-dependent distribution for ACP obtained by the Belle collaboration is presented in Fig. 13,
from where the parameters Cpi+pi− and Spi+pi− were extracted.14
Figure 13: Background subtracted time-dependent fit results for B0 → pi+pi− [135]. (a) ∆t distribution for B0 (solid blue
line) and B0 (dashed red line) (b) Time-dependent asymmetry distribution.
The combined results from HFLAV [136] are shown in Fig. 14 with the average result for direct CP
violation Cpi+pi− = −0.32± 0.04 .
Many other two-body channels have been studied, with just one of them presenting a CP asymmetry
with more than 3σ significance: ACP (B
+ → K+η) has been measured by Belle [137] and BaBar [138],
with consistent values. The current average values for ACP from the PDG [21] for different channels are
reproduced in Table 1.
From the theoretical point of view, branching fraction and direct CP asymmetry estimates for charmless
two-body B decays are challenging. For branching fractions, there is quite reasonable agreement between
13Curiously enough, this prediction is very close to one made 30 years ago in Ref. [45].
14B0 and B0 are produced as entangled pairs at Belle, so t in Eq. 9 is replaced by ∆t, the time elapsed since the other B
(used for tagging) decayed.
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Figure 14: Averages of (left) Spi+pi− and (right) Cpi+pi− for B0 → pi+pi− decay mode [136].
Table 1: Average ACP values for two-body charmless B decays [21].
Channel ACP
B+ → K0Spi+ −0.017± 0.016
B+ → K+pi0 −0.037± 0.021
B+ → K+η′ 0.004± 0.011
B+ → K+η −0.37± 0.08
B+ → K+K0 −0.04± 0.14
B+ → K+K0S −0.21± 0.14
B+ → pi+pi0 0.03± 0.04
B+ → pi+η −0.14± 0.07
B+ → pi+η′ 0.06± 0.16
B0 → K0K0 −0.6± 0.7
B0 → K+pi− −0.082± 0.006
B0s → K+pi− 0.26± 0.04
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calculations based on factorisation techniques and the experimental results, as can be found in Ref. [139].
Yet, for CP asymmetries the consistency between calculations and measured values is currently not so good.
Despite the theoretical developments and the experimental improvements over the last decade, the origin of
the strong phase leading to CP asymmetries is not clear yet [132].
One crucial example is the difference between the well-measured CP asymmetry in the B0 → K−pi+ and
B+ → K+pi0 channels. From the short-distance point of view, these decay channels are equivalent — the
dominant quark-level diagrams coincide with the only difference being the spectator quark, d quark for B0
and u quark forB+ and the colour-suppressed tree contribution. As such, in principle they would have similar
behaviour with respect to CP violation, in particular one should expect ∆ACP (B → Kpi) ≡ ACP (B0 →
K−pi+) − ACP (B+ → K+pi0) ≈ 0. Instead, it is measured to be ∆ACP (B → Kpi) = −0.122 ± 0.022 [21].
This result also seems to point towards a large influence of long-distance, final-state interaction effects, with
hadronic re-scattering processes taking a leading role.
Invoking the CPT constraint, as highlighted by Wolfenstein [43] and discussed in Sect. 2, the significant
negative CP asymmetry observed in B0 → K−pi+ decays has to be compensated by other channels in the
same flavour family. If one also assumes that a two-body final state would preferably rescatter to other two-
body final states [53], the most probable candidates to present a positive CP asymmetry are the channels
K0pi0, K0η and K0η′. The B0 decay to these final states also has a penguin contribution plus a colour-
suppressed tree component carrying the weak phase γ. For the decay B+ → K+pi0, the most probable
rescattered two-body final states would be K0pi+,K+η and K+η′. For these, however, the B+ decay has
contribution from the penguin diagram only, carrying no weak phase. This means that, if CP violation is
observed in any of these final states, it can have its origin from rescattering effects, while preserving CPT .
It is not trivial, however, to estimate the impact of rescattering effects in the aforementioned processes
and consequently in the value of ∆ACP (B → Kpi). But, in any case, it seems plausible that the presence
of strong hadronic phases, appearing through final-state interactions and not taken into account in short-
distance calculations, are key ingredients to understand the discrepancies between experimental results
and theory predictions — although there are no available theory nor experimental results to support how
important these FSI phases are, especially above 2 GeV. The experimental measurement of CP asymmetries
for B0 → K0pi0, B0 → K0η, and B0 → K0η′ can shed light on this puzzle. In this respect, Belle II
experiment [87] will be the main actor.
4.2. Three-body decays
As discussed in Sect. 3.3, decays of three or more particles in the final state offer a richer environment
for the study of CP violation, since the phase space can be scanned and observables other than the total
CP asymmetry exist.
CP violation was first observed in 2013 by the LHCb collaboration in local regions of the Dalitz plot
for the charmless decays B+ → K+pi+pi−, B+ → K+K+K−, B+ → pi+pi+pi− and B+ → pi+K+K−
[140, 141]. Integrated CP asymmetries were then measured by the same collaboration in 2014, using the
total available sample of 3 fb−1 from run I. The studies have shown sizeable integrated CP asymmetries but
also confirmed rich structures of CP asymmetries across the phase space [142]. The results for the integrated
CP asymmetries were
ACP (B
+ → K+pi+pi−) = +0.025± 0.004± 0.004± 0.007,
ACP (B
+ → K+K+K−) = −0.036± 0.004± 0.002± 0.007,
ACP (B
+ → pi+pi+pi−) = +0.058± 0.008± 0.009± 0.007,
ACP (B
+ → pi+K+K−) = −0.123± 0.017± 0.012± 0.007, (38)
where the first uncertainties are statistical, the second systematic, and the third due to the limited knowledge
of the CP asymmetry in the B+ → K+J/ψ , used as a reference mode. The statistical significances of the
CP asymmetries were respectively 2.8, 4.3, 4.2, and 5.6σ. The sample sizes were about 180 thousand decays
for B+ → K+pi+pi−, 110 thousand for B+ → K+K+K−, 25 thousand for B+ → pi+pi+pi− and 6 thousand
for B+ → pi+K+K−.
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The CP asymmetries across the phase space for the four channels were obtained through the second
Miranda technique [123], as presented in Sect. 3.3.3, and are reproduced here in Fig. 15. Rich CP viola-
tion patterns can be seen along the Dalitz plots, with positive (red) and negative (blue) CP asymmetries
coexisting in the same final state. Since the source of weak phase for all these charmless B decays is the
CKM angle γ, the CP asymmetry variations over the Dalitz plot have to come from the variation of the
strong phase. The Miranda distributions evidence the richness involved in the CP violation dynamics of
these decays. A discussion on these features follows.
Figure 15: CP asymmetry distributions with the Miranda technique, with background-subtracted and acceptance-corrected
events for: (top left) B+ → K+K+K−, (top right) B+ → K+pi+pi−, (bottom left) B+ → pi+pi+pi− and (bottom right)
B+ → pi+K+K− [142].
4.2.1. Interference between different angular-momentum waves
By inspecting the low pi+pi− invariant-mass region in both B+ → K+pi+pi− and B+ → pi+pi+pi− Dalitz
plots, the results from the LHCb experiment [142] show a peculiar CP asymmetry distribution, with positive
and negative ACP around the ρ(770)
0 mass. As discussed in Sect. 3.3.1 (see Eq. 27), this is a signature from
the interference term between scalar and vector amplitudes, proportional to cos θ. This can be better seen
in Fig. 16, where the pi+pi− invariant-mass combination15 for cos θ < 0 and cos θ > 0 are shown for both
B+ → pi+pi+pi− and B− → pi−pi−pi+ decays — the subtraction of the histograms is also shown, evidencing
the charge distribution difference. Besides, the observed zeros in the bottom plots in Fig.16 around the
ρ(770)0 nominal mass indicate a dominance of the real part of the Breit–Wigner in this process.
The LHCb collaboration very recently has extended the study by performing a full amplitude analysis
of the decay B+ → pi+pi+pi− to understand the features being observed in data [102, 143]. Three different
models for the scalar amplitude were used: the isobar model with σ(500) pole and a pipi −KK rescattering
amplitude, the K-matrix formalism, and the QMI-PWA method. Resonant amplitudes for spin-1 and spin-2
were included through the isobar model for the three approaches. The general agreement between these three
15In B+ → pi+pi+pi−, with two identical pions, m(pi+pi−)low (high) is the lower (higher) pi+pi− mass among the two possible
combinations. The same subscript low (high) is used for other decays with identical particles.
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Figure 16: Projections of the m(pi+pi−)low variable for B± → pi±pi+pi− signal events separated by charge for (top left) cos θ < 0
and (top right) cos θ > 0. The respective subtracted B+ and B− distributions are shown in the bottom plots. [142].
approaches was good. The dominant amplitudes for this decay were found to be the ρ(770)0pi+ amplitude,
with about 50% fit fraction, followed by the S-wave amplitude with about 25% fit fraction. Within the isobar
model, the phase difference between the charged conjugated decays B− → σ(500)pi− and B+ → σ(500)pi+,
measured with respect to that of the ρ(770)0pi± components, was measured to be about 60◦ [102], confirming
the interference trend presented in Fig. 16, with zeros at the ρ(770)0 nominal mass. The conservation of CP
symmetry in the interference between S- and P-wave was excluded with a significance of 25σ.
A similar result for the interference distribution was observed in the pi−pi+ invariant mass for the
B+ → K+pi+pi− decay [142] as can be seen in Fig. 17. However, there are important differences between
these two decays. In B+ → pi+pi+pi− decay, the ρ(770)0 amplitude is dominant, with a smaller scalar am-
plitude [102]. For the B+ → K+pi+pi− decay, instead, the scalar resonance f0(980) is dominant, with a low
ρ(770)0 amplitude. In the bottom right plot in Fig. 17, the presence of two zeros is clearly seen, one around
the ρ(770)0 mass and another near the scalar resonance f0(980). Another remarkable difference is the ap-
parent absence of CP asymmetry below the ρ(770)0 mass for cos θ > 0 (see bottom right plot in Fig. 17),
as observed for the equivalent region in B+ → pi+pi+pi− decay. There is yet no amplitude analysis with this
data set from LHCb. BaBar [144] and Belle [95] collaborations presented results for the B+ → K+pi−pi+
with large statistical uncertainties in the phase for both K+ρ(770) and K+f0(980) amplitudes. In any case,
larger data samples coming from LHCb run II may shed light on these differences.
4.2.2. pi−pi+ → K−K+ re-scattering
A very interesting result in charmless B+ decays obtained from LHCb [140–142] was the pattern of
CP asymmetries observed in the pi−pi+ and K−K+ mass regions between 1.0 and 1.5 GeV for the flavour
coupled-channels B+ → pi+K+K− and B+ → pi+pi+pi−, and also B+ → K+K+K− and B+ → K+pi+pi−.
Figure 18 shows the distributions for B+ → K+K+K− and B+ → pi+K+K−, separated by charge.
In Table 2, the resulting CP asymmetries for the pi+pi− and K+K− invariant-mass region between 1.0
and 1.5 GeV are shown. The values are larger than those integrated in the phase space (Eq. 38) and evidence
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Figure 17: Projections of the m(pi+pi−) variable for B± → K±pi+pi− signal events separated by charge for (top left) cos θ < 0
and (top right) cos θ > 0. The respective subtracted B+ and B− distributions are shown in the bottom plots [142].
the change in sign among the pairs of final states with same flavour content.
Table 2: Charge asymmetries in the rescattering pi−pi+ → K−K+ region — between 1.0 and 1.5 GeV. Uncertainties are first
statistical, second systematic, and the third is due to the CP asymmetry of the B+ → J/ψK+ reference mode[142].
Decay ACP
B+ → K+pi+pi− +0.123± 0.012± 0.017± 0.006
B+ → K+K+K− −0.209± 0.011± 0.004± 0.006
B+ → pi+pi+pi− +0.173± 0.021± 0.015± 0.006
B+ → pi+K+K− −0.326± 0.028± 0.029± 0.006
A possible explanation for this effect is pipi − KK rescattering. A well-known pi−pi+ elastic-scattering
data result [108] shows that the Argand plot for the scalar amplitude departs from the unitary circle at
about 1 GeV and returns at around 1.5 GeV, as shown in Fig. 19(a). Also in the region 1.0 − 1.5 GeV a
bump is observed in the inelastic interaction pi−pi+ → K−K+, as shown in Fig. 19(b) [145]. In other words,
pipi −KK rescattering may be at least partially responsible for the opposite CP asymmetries found above,
and would be in line with the Wolfenstein mechanism for CP violation [43] through coupled channels with
the same quantum number [146, 147].
Recently, the LHCb collaboration published the first amplitude analysis for the decay B+ → pi+K+K−
with run I data [97]. Apart from a dominant non-resonant component and a few resonant contributions, an
explicit amplitude parameterisation for the pipi −KK rescattering has been included, following Ref. [148].
The fit model shows good description of the data, as can be seen in Fig. 20. The B± average fit fraction for
the rescattering contribution is found to be about 23% while presenting the largest CP asymmetry observed
for a single amplitude, with a measured value of ACP = (−66± 4± 2).
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Figure 18: K+K− invariant mass distributions for (left) B± → K±K+K− and (right) B± → pi±K+K− decays, separated
by charge. The inset in the left plot magnifies the φ(1020) mass region [142].
Figure 19: (left) Argand circle of the scalar pi−pi+ elastic scattering amplitude [108]. (right) Modulos of the scalar pipi → KK
amplitude distribution [145].
The same amplitude is also included in the amplitude analysis for the B+ → pi+pi+pi− decay [102, 143].
The total contribution for this channel is much lower than that obtained in B+ → pi+K+K−. However, when
compared to the K+K− mass spectrum in the rescattering region, the pi+pi− mass spectrum has different
resonant contributions, including part of the broad and scalar σ(500) and the tensor f2(1270), both with
significant important positive CP asymmetries, as outlined in the next sub-section. It would be important
to perform a coupled-channel amplitude analysis – in particular a simultaneous fit for B+ → pi+pi+pi− and
B+ → pi+K+K− decays – to clarify better a possible correlation between pipi and KK amplitudes through
rescattering as a way to understand the CP violation mechanisms involved.
4.2.3. Quasi-two-body decays
As discussed in Sects. 3.3.1 and 3.3.2, the dynamics of a three-body decay are usually dominated by
the formation of resonances. For a B-meson decay these are quasi-two-body processes with a scalar, vector
or tensor resonance plus a pseudo-scalar. Although the resonance formation is an intermediate amplitude
path – and as such one cannot strictly measure a decay rate or a charge asymmetry associated to it – it is
still useful to define such quantities in terms of its squared amplitude. A CP asymmetry can be defined as
presented in Eq. 28, exemplified for a ρ(770)0 intermediate resonance.
A few values of CP asymmetries for quasi-two body modes are presented in Table 3, as quoted by the
PDG [21].
Recent amplitude analyses performed by the LHCb collaboration using run I data were able to further
determine the following CP asymmetries associated to resonant intermediate decays:
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Figure 20: K+K− squared mass distribution for (top) B+ → pi+K+K− and (bottom) B− → pi−K−K+ decays. The total
amplitude fit model, including a term for the pipi −KK rescattering, is overlaid [97].
Table 3: CP asymmetries for a few quasi two-body B decays [21].
Mode ACP
B+ → K+f2(1270) −0.68± 0.19
B+ → K+ρ(770)0 0.37± 0.10
B+ → K∗+η 0.19± 0.05
1. ACP (B
0 → K∗(892)+pi−) = −0.30± 0.06 in B0 → K0Spi+pi− decays[149];
2. ACP (B
+ → σ(500)pi+) = −0.16± 0.02± 0.03 in B+ → pi+pi+pi− decays [102];
3. ACP (B
+ → f2(1270)pi+) = −0.47± 0.06± 0.6 in B+ → pi+pi+pi− decays [102].
4. A0CP (B
0 → ρ(770)0K∗(892)0) = −0.62 ± 0.09 ± 0.09, for the longitudinal amplitude component in
B0 → (pi+pi−)(K+K−) decays [150].
Although with the mentioned caveat on the interpretation of CP asymmetries in quasi two-body decays,
it is very interesting to note that the values of asymmetries here are considerably larger than those of two-
body B decays presented in Table 1 (not considering those with large uncertainties). This is probably related
to the richness of the hadronic processes in a multi-body decay, where different sources of strong phases,
necessary to observe CP violation, are possible. The CPT constraint has to enter somehow connecting
final states with the same flavour content: resonant states usually have more than one decay channel,
so a natural interconnection of CP asymmetries may arise. Moreover, possible rescattering involving the
companion pseudoscalar, and as such breaking the 2+ 1 approximation, can be of some importance, at least
in a part of the phase space.
Interestingly enough, the quasi-two-body decay B+ → ρ(770)0pi+, which is the dominant resonant con-
tribution of the decay B+ → pi+pi+pi−, has a CP asymmetry compatible with zero: within the isobar model
in Ref. [102] it was measured to be ACP = (0.7 ± 1.1 ± 2.2)%. This value contradicts some theoretical
predictions with a high value for this quantity [139, 151].16 Yet, the ρ(770)0 resonance has only one possible
16A very recent work though, using QCD factorisation, presents a result consistent with no CP violation in this intermediate
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decay, ρ(770)0 → pi−pi+, since it cannot decay to two neutral pions. So, if one takes the 2+1 approximation
at its limit of validity, the CP asymmetry should indeed be zero, since there is no possible re-scattering to
interconnect to another channel to produce an opposite CP asymmetry [153].
In this sense, within the 2+1 approximation, the LHCb observation of a large negative CP asymmetry
[149] for the B0 → K∗(892)+pi− decay, with K∗(892)+ → K0pi+, should be compensated by a similarly
large positive CP asymmetry in the channel B0 → K∗(892)+pi− with K∗(892)+ → K+pi0. There is yet no
analysis of the final state B0 → K+pi−pi0 where this CP asymmetry could be measured. With two neutral
pions in the final state, this study is challenging for LHCb but less so for Belle II.
Two- and quasi two-body modes have been given quite some attention from the theory side. In general,
estimates for CP asymmetries involve final states with two pseudoscalars (B → PP ) or one pseudoscalar and
one low-mass vector resonance (B → PV ). Yet and again recalling the caveat on quasi-two-body decays, to
measure the CP asymmetry in a B → PV process it is necessary to manage the complexity of three-body
decay, with interferences of different resonant amplitudes, with different spins, across the phase space.
In certain situations, to avoid much of this complexity, a model-independent analysis method [153] has
been proposed, taking into account the angular momentum distribution for B → PV , the relatively low
invariant mass (assuming V to be a resonance below ∼ 2 GeV) where this amplitude is dominant and the
proximity with a possible light scalar resonance. The method takes a slice around the nominal mass of the
light vector resonance including the region of interference with the light scalar resonance. The potential of
this method was tested successfully with fast Monte Carlo [153].
4.2.4. B decays involving baryons
With a mass exceeding 5 GeV, B mesons can also decay to final states involving a nucleon and an
antinucleon. Three-body processes such as B → hpp (where h is a light, stable meson) can proceed through
intermediate resonances such as cc (charmonium) states and excited Λ states and may also provide further
insights into the CP violation mechanisms. At the quark level the weak process, with both tree and penguin
diagrams, is essentially the same as those of the charmless B decays discussed in the previous sections, and
in particular the origin of the weak phase is the same. Diagrams involving charmonium states, however,
bring no associated weak phase. With pp in the final state, there are interesting new features in the decay
dynamics, associated with the spin-1/2 particles, and potentially different hadronic interactions involving
the production of the baryon pair. These features can be important to understand the role of FSI in the
CP asymmetry in non-leptonic B decays.
The first evidence for CP violation in this kind of decays was obtained by the LHCb collaboration in
2014 [154] in the decay mode B+ → K+pp, in a study which also included the Cabibbo-suppressed decay
B+ → pi+pp. The sample comprised about 19 thousand decays of B+ → K+pp and about 2 thousand
decays of B+ → pi+pp.
The Dalitz plot distributions for these two channels are shown in Fig. 21. Except for the charmonium
resonances, which play an important role in these decays, the event distribution accumulates at the edges
of the phase space. Only one resonance was clearly identified in the K+p mass spectrum, the Λ(1520). No
resonance was identified at low pp invariant mass. There is no amplitude analysis for these decays yet.
The evidence for CP violation in the B+ → K+pp mode comes mainly from the low pp mass region.
Figure 22 shows the asymmetry for two regions of m2K+p, above and below 10 GeV GeV, dividing the phase
space in two bands. The CP asymmetry as a function of the squared pp invariant mass shows a clear sign
inversion like that observed at low pi+pi− mass for B+ → pi+pi+pi− and B+ → K+pi+pi− decays, which has
its origin from the strong phase difference between the S and P-waves.
In the region mpp < 2.85 GeV and m
2
K+p > 10 GeV, the CP asymmetry was measured to be 0.096 ±
0.024 ± 0.004, representing an effect of about 4σ significance. For the decay B+ → pi+pp there were not
enough data to perform a similar study. With LHCb data from run II such a study should be possible and
in both decays amplitude analysis would be the ideal way to study the sources of CP violation.
mode [152].
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Figure 21: Dalitz plot distributions for the decays (left) B+ → K+pp and (right) B+ → pi+pp from LHCb run I data [154].
Figure 22: Distribution of N(B−) − N(B+) in the squared pp invariant mass for m2Kp < 10 GeV2 (black filled circles) and
m2Kp > 10 GeV
2 (open triangles) [154].
4.2.5. Charmless b-baryon decays
Although CP violation in baryons is an essential issue for baryogenesis, the study of these decays presents
challenges from both the theoretical [155–159] and experimental sides.
The first difficulty for the experimental observation of CP violation in beauty baryons comes from
production, which is almost exclusive to hadronic machines. At the LHC, though, their production is
favoured at low transverse momenta [160] which turns b-baryon selection efficiencies lower than those of
B-meson decays [35]. As in charmless B decays, the underlying weak phase responsible for any potential
CP asymmetry comes from the b→ u transition, and the branching ratios are of O(10−5) or less.
In two-body decays, the LHCb collaboration, using Run I data, has searched for CP violation in the
modes Λ0b → pK− and Λ0b → ppi−, with signal yields of about respectively 9 and 6 thousand decays [161].
No significant CP asymmetries were found,
ACP (Λ
0
b → pK−) = −0.020± 0.013± 0.019,
ACP (Λ
0
b → ppi−) = −0.035± 0.017± 0.020,
yet the measurements are about 4 times more precise then those performed previously by the CDF collab-
oration [162].
Similarly to B-meson decays, CP violation studies become richer in three- or four-body decays. In 2016,
with data from run I, the LHCb collaboration reported a first evidence for CP violation in the baryon sector
by analysing the decay Λ0b → ppi−pi+pi− [163], with a sample of about 6 thousand events. The analysis made
use of the triple-product observables discussed in Sect. 3.3.5 such that a CP asymmetry aT−oddCP as in Eq. 35
was measured as a function of phase space bins and the angle Φ, which is the angle between the decay planes
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Table 4: Phase-space integrated CP asymmetries for 4-body Λ0b and Ξb charmless decays from LHCb collaboration [166].
Decay ∆ACP (%)
Λ0b → pK−pi+pi− +3.2± 1.1± 0.6
Λ0b → ppi−pi+pi− +1.1± 2.5± 0.6
Λ0b → pK−K+pi− −6.9± 4.9± 0.8
Λ0b → pK−K+K− +0.2± 1.8± 0.6
Ξb → pK−pi+K− −6.8± 8.0± 0.8
Ξb → pK−pi+pi− 17± 11± 1
formed by the pairs ppi−fast and pi+pi−slow (slow and fast referring to the pi+ momenta). The distribution
of aT−oddCP in terms of Φ presented a p-value of 10
−3 of compatibility with CP symmetry, translating to a
3.3σ evidence for CP violation in this decay. No evidence for CP violation was found in the measurement
of aT−oddCP integrated through the phase space.
An update of this measurement has just been released by the LHCb collaboration with Run I and part of
Run II data, with a sample size comprising about 27 thousand Λ0b → ppi−pi+pi− decays [164]. The study was
carried out by means of measuring the aT−oddCP observable – following the same strategy as above – as well
as using the energy test method, sensitive to local CP effects in the phase space distribution, as outlined
in Sect. 3.3.4. The evidence of CP violation previously reported [163] has not been confirmed, although
altogether the results are marginally compatible with CP conservation.
The search for CP violation by means of the aT−oddCP observable both integrated and in regions of the
phase space has been extended to the Λ0b → pK−pi+pi−, Λ0b → pK−K+K− and Ξb → pK−pi+K− modes
in Ref. [165] using Run I data from LHCb. The sample sizes were about 20 thousand, 5 thousand and 700
decays, respectively. No evidence for CP violation was found.
More recently, a comprehensive study including four Λ0b and two Ξb 4-body modes provided measurements
of integrated CP asymmetries [166]. Each CP asymmetry was measured with respect to that of a Λ+c
formed as an intermediate state and leading to the same final state, for example ∆ACP (Λ
0
b → ppi−pi+pi−) ≡
ACP (Λ
0
b → ppi−pi+pi−) − ACP (Λ0b → (Λ+c → ppi−pi+)pi−). In this way, corrections due to instrumental and
b-baryon production asymmetries cancel out to first order. Further corrections, such as kinematic weighting,
were also used to guarantee control over nuisance asymmetries. The resulting asymmetries are presented in
Table 4. No evidence for CP violation was found.
Overall, the current status is that while CP violation is well established in the B-meson sector, no
compelling evidence exists for CP violation in b-baryon decays to date. Yet most of the studies rely on
LHCb data from run I. It is reasonable to expect that signs of CP violation from b-baryons may still arise
with a comprehensive study using the full Run I and Run II data.
5. Hadronic double-charm interaction in charmless B decays
Charmless B decays, as discussed in the previous section, can potentially produce CP violation due to
the tree level transition b→ u, involving the weak phase γ, interfering with different weak transitions such
as the penguin-type diagram depicted in Fig. 1. Nevertheless, a charmless final state can also be reached
through the formation of a double-charm. By simply considering the CKM hierarchy, the inclusive process
b→ ccq is about two orders of magnitude more likely than those with b→ uqq′ (q, q′ = u, d, s) transitions.
The effective contribution of a double-charm amplitude to charmless B decays can be twofold. The first
one is by direct formation of a charmonium resonance decaying to a pair of pions or kaons, in a three- or
four-body decays. An example is B+ → χc0pi+, with χc0 → pi+pi−. The other is by production of a DD′ pair
rescattering to hh¯′ (h, h′ being light mesons), a long-distance process expected to be suppressed (otherwise
B → DD and B → hh¯′ branching ratios would be similar) but nevertheless suitable to have an impact
giving the aforementioned higher inclusive process.
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The possibility of this long-distance rescattering with the same quantum numbers, naturally providing a
different strong phase, refers back to the discussion in Sect. 2.1. Many authors have contributed to estimate
the effect of double-charm component to charmless B decays [50, 51, 53, 59]. Most of these models treat
only the rescattering of the double-charm to two- or quasi-two-body B decays, while comparing to other
models based on short-distance approximation or light meson rescattering. But since the only observables
are total rates (and asymmetries) there is no way to disentangle the relative contribution of each process
from the experimental results.
Here again three- and four-body decays, due to their rich dynamics across the phase space, may provide
signatures of possible contributions associated with double-charm intermediate states, as discussed in the
following.
5.1. The charmonium B+ → h+χc0 decay
The main charmonium resonance contributing to a charmless B+ three-meson final state is the scalar
χc0, with mass (3414.7 ± 0.3) MeV and width (10.5 ± 0.8) MeV [21]. The B+ → h+χc0 (h = K,pi) decays
weakly at tree level through a b → ccq (q = s, d) transition, with the χc0 meson then decaying strongly to
a pair of mesons. The branching fraction of the decay B+ → K+χc0, for example, is B(B+ → K+χc0) =
(1.49± 0.15)× 10−4 with B(χc0 → pi+pi−) ∼ 6× 10−3 [21],.
In what concerns theoretical calculations, the critical factor here is that this decay does not include fac-
torisable contributions; the χc0, being scalar, cannot be produced by a matrix element 〈χc0|cγ¯µ(1− γ5)c|0〉 = 0
due to conservation of the axial-vector current [167]. On the other hand, the non-factorisable contributions
from the soft hadronic matrix elements, based on the light-cone approach, are too small to accommodate
the experimental data [168]. It has been shown, however, that rescattering effects, involving charm meson
intermediate states, can reproduce the observed branching ratio through a mechanism shown in Fig. 23
[169].
Figure 23: Possible long-distance contribution to the decay B± → K±χc0 [169] .
The contribution of the intermediate state K+χc0 has been observed at a fit fraction level of 1% in
amplitude analyses performed by the Babar collaboration in both final states B+ → K+pi+pi− [144] and
B+ → K+K+K− [170]. It has been seen to contribute to the same final states from LHCb run I data
[142] as can be seen in Fig. 24 as a clear narrow band at around 11.6 GeV2 in m2K+K− and m
2
pi+pi− in the
Dalitz plot of the decays B+ → K+K+K− and B+ → K+pi+pi−, respectively. It is also possible to see a
band with lack of events just above the χc0 mass indicating a pattern of interference with the non-resonant
contribution underneath.
The decay amplitude pi+χc0 was not identified in the Dalitz plot analysis of the decay B
+ → pi+pi+pi−
made recently by the LHCb collaboration [102] but it is likely to be observed from run II data, at the level
of a few hundred events or so.
A possible interference between the B+ → pi+χc0 amplitude and the dominant B+ → pi+ρ(770)0 (which
has a total CP asymmetry consistent with zero, as discussed in Sect. 3.3.2) could be used for a measurement
of γ [171], neglecting contributions from other amplitudes in their interference region, otherwise other
components may as well be included [172]. A similar argument is proposed in Ref. [173], this time exploiting
a measurement of the CP asymmetry for the B+ → pi+χc0 through the interference with a non-resonant
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Figure 24: Scalar χc0 signature in the Dalitz plots of (left) B+ → K+K+K− and (right) B+ → K+pi+pi− decays [142].
amplitude. Since γ ≈ 70◦, this interference term possibly changes sign by charge conjugation, appearing
as constructive interference for B+ decay and destructive for B− decay (or vice-versa). They also have
generalised this approach for other final states involving vector light mesons and the charmonium ηc.
5.2. Double-charm and B+ → K+K+K− final state
The amplitude analysis of B+ → K+K+K− from both the BaBar and Belle collaborations [170, 174]
showed a dominant non-resonant contribution. In a recent paper [175] the authors propose a non-resonant
contribution to this decay which includes rescattering hadronic component involving double-charm-meson
intermediate states, in a similar direction as proposed for the B+ → K+χc0 in Ref. [169].
The LHCb experiment collected more than a hundred thousand B+ → K+K+K− decays from run I
period [142] and the Dalitz plot distribution can be seen in Fig. 24. The narrow resonant contributions
are clearly seen, B+ → K+φ(1020) and B+ → K+χc0, together with a large non-resonant contribution,
populating the whole phase space. Although no amplitude analysis was yet performed, the distribution
appears to be consistent with the results from BaBar and Belle amplitude analyses [170, 174], which had
much smaller samples. This significant presence of the non-resonant amplitude makes this decay different
from the other charmless three-body B decays (with low occupation at higher masses), and potentially offers
sensitivity, through interference, to study high-mass intermediate resonances, including CP signatures.
Another interesting feature observed in the B+ → K+K+K− Dalitz plot distribution is the localised CP
asymmetry at low K+K− mass, already discussed in Sect. 4.2.2. Figure 25 (left) shows the events for B+ and
B− integrated in m(K+K−)low [142]. The two peaks correspond to the angular distribution associated with
the vector resonance φ(1020). By subtracting both distributions, as shown in Fig. 25 (right), the charge
difference associated to CP violation can be seen. It is possible to identify the negative CP asymmetry
located in the pipi −KK rescattering region, but also the fact that the CP violation pattern changes sign,
crossing zero at about 4 GeV, which is near the DD threshold. Moreover, the LHCb data distribution
for B+ → K+pi+pi− also shows a similar, although opposite, sign inversion around 4 GeV.17 The same
behaviour appears in the pair of channels B+ → pi+pi+pi− and B+ → pi+K+K−.
This CP -asymmetry sign inversion can be explained by a hadronic charm loop process shown in Fig. 26,
according to the model presented in Ref. [175]. The corresponding amplitude has a strong-phase sign change
at the DD threshold: the phase changes from about −pi/2 to pi/2 close to the region where the CP asymmetry
changes sign in Fig. 25. Although this signature favours the interpretation of double-charm rescattering, the
model has more complexity and only a full amplitude analysis could test for the validity of this mechanism.
5.3. Possible consequence for the B+ → pi+pi+pi− decay
As discussed previously, the short-distance contribution for the B+ → pi+pi+pi− decay is dominated by
the tree contribution with a weak phase γ. On the other hand, a long-distance contribution can also be
17See the Supplemental material associated to [142] at https://cds.cern.ch/record/1751517/files.
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Figure 25: (left) Projection of m(KK)high distribution for B
± → K±K+K− decay separated by charge. (right) Subtracted
distribution of the B− and B+ m(KK)high projections from the left plot. [142]
Figure 26: Possible long-distance contribution to the B+ → K+K+K− decay [175].
possible by a similar process to that in Fig. 26 in the decay B+ → K+K+K−. The interference between
these short-distance tree component and double-charm rescattering, carrying no weak phase, may lead to a
signature of CP violation spread throughout the phase space. By inspecting the bottom-left plot in Fig. 15,
indeed there is a significant CP asymmetry in the high pi+pi− mass regions.
Recently a phenomenological study for the B+ → pi+pi+pi− mode has explored the interference between
the tree component, carrying the weak phase, and a modelled amplitude for theDD¯ and pipi coupled channels,
with χc0 as complex pole in the DD¯ channel [176]. As discussed above in Sect. 5.2, the latter amplitude
has a strong-phase sign change when it passes from off-shell to on-shell, and this effect could be responsible
for the CP asymmetry pattern observed in the bottom-left plot in Fig. 15 near the DD¯ thresholds. A
simulation for this model, using Laura++ [177] generator, is shown in Fig. 27. Another recent study [178]
also discusses the potential role of open-charm threshold amplitudes to the observed CP violation in this
decay channel. In a similar way, the model exploits the interference between light resonances with both
open-charm DD¯ amplitudes and high-mass charmonium resonances. The CP asymmetry pattern obtained
through the interference between ρ(770)0 and the propagator for χc0(3860) scalar resonance is illustrated in
Fig. 28.
A possible observation of the B± → pi±χc0 mode with the LHCb run II data may show a CP violation
pattern in this charmonium state as predicted by Ref. [173], and, if so, one may infer the importance of
a double charm re-scattering in this decay. In other words, if the CP violation pattern for both the χc0
component and the non-resonant component (covering a wider mass region) are similar, this would point
towards the interpretation of the non-resonant amplitude receiving an important contribution from the
double-charm loop mechanism.
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Figure 27: CP asymmetry pattern for the decay B+ → pi+pi+pi−, obtained through the Miranda method via simulation
according to the model presented in Ref. [176].
Figure 28: CP asymmetry pattern for the decay B+ → pi+pi+pi− considering the interference between the ρ(770)0 and χc0(3860)
[178]. The variables s12 and s23 here represent m2(pi+pi−)low and m2(pi+pi−)high, respectively.
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5.4. Search for double-charm signature in B+c → pi+K+K− decay
Recently LHCb, using Run I data, presented evidence of the decay B+c → pi+χc0, with χc0 → K+K−
decay, with a branching ratio of [σ(B+c )/σ(B
+)] × B(B+ → pi+χc0) = (9.8 ± 3.4) × 10−6 [179]. The
collaboration searched also for a possible non-charmonium component to B+c → pi+K+K− decay, but no
significant contribution was found. From short-distance calculations [180], this contribution indeed should
be helicity suppressed. This opens the possibility to observe B+c → pi+K+K− events coming from a long-
distance double charm rescattering contribution similar to those shown in Figs. 23 and 26.
A simulation with amplitudes corresponding to the long-distance contributions from the double-charm
rescattering processes D0D0 → K+K− and D+D−s → pi+K−, as from Ref. [181], presents a distinguished
signature for the Dalitz plot distribution, as shown in Fig. 29. This is quite different from the distribution
observed in charmless three-body B+ decays where the events are concentrated at the edges of the Dalitz
plot, as in Fig. 24.
Figure 29: Simulated Dalitz plot for the decay B+c → pi+K+K− considering double-charm long-distance contributions [181],
using Laura++ [177].
6. Direct CP violation in B decays to open charm
At tree level, the b quark dominantly decays to a c quark, with no weak phase. This process makes
decays to open charm those with higher branching ratios. Some of these final states, after the further weak
decay of the c hadron, can also be reachable through the quark coupling b → ucq (q = s, d) involving the
CKM weak phase γ, which is also a tree-level process, with no penguin diagrams involved. The interference
between them can allow the experimental determination of the angle γ. From the theoretical point of view,
these decays are extremely clean [182].
The main mechanisms proposed to exploit this feature as a source of direct CP violation are the Gronau–
London–Wyler (GLW) [183, 184], Atwood–Dunietz–Sony (ADS) [185, 186], and Giri–Grossman–Soffer–
Zuppan (GGSZ) [187] methods, as described next, with their main associated experimental results. The
value of γ is obtained from the combination of these different methods.
6.1. The GLW method
The GLW method makes use of the interference between the processes B+ → D0h+ and B+ → D0h+
(h = K,pi). The first is dominant, proceeding through a b → c transition, while the second is suppressed
given by the process b → ucs. These decays can interfere if D0 and D0 (referred to as D – a general
superposition of both) decay to CP eigenstates, such as D → K+K− (CP -even) or D → K0Spi0 (CP -odd), as
shown in Fig. 30 [35]. The resulting CP asymmetry, as in Eq. 8, depends on the ratio rB of the sub-leading
B+ → D0K+ to the leading B+ → D0K+ amplitude as well as on their relative strong phase δB ,
ACP =
2ηCP rB sin(δB) sin(γ)
1 + r2B + 2ηCP rB cos(δB) cos(γ)
, (39)
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where ηCP = {+1,−1} depending on whether the D0 decays to a CP -even or CP -odd final state, respectively.
The experimental analyses can obtain rB , δB and γ using measured CP asymmetries from different D
0 final
states.
Figure 30: Leading diagrams for the decays B+ → D0K+ and B+ → D0K+, where [f ]D is a final state accessible by both D0
and D0 [35].
.
The Babar, Belle, CDF and LHCb collaborations have reported ACP and γ measurements based on GLW
modes (see for example [188–191]). The latest and most precise measurement of ACP in B
+ → D0K+ comes
from LHCb using full run I and part of run II data [192]. Figure 31 shows the relevant mass distributions
for B+ → DK+ where D → K+K− and D → pi+pi−. A visible difference in signal yields for B+ and B− is
seen in both final states. The combined CP asymmetry of the two final states was measured to be
ACP = −(12.4± 1.2± 0.2)% (40)
with CP violation clearly established in this mode.
Figure 31: Invariant mass distributions of selected (top) B± → [K+K−]DK± and (bottom) B± → [pi+pi−]DK± decays,
separated by charge [192]. The different fit components are displayed in the legend on the right.
6.2. The ADS method
The ADS method [185] is similar to GLW but instead uses the interference between Cabibbo-favoured
(CF) D0 decays and Doubly–Cabibbo-suppressed (DCS) D0 decays (and vice versa), for example D0 →
K−pi+ and D0 → K−pi+. In this case, two new parameters get in place: rD and δD, respectively the ratio
of the DCS to the CF amplitude and their relative phase (D¯ to D to the same final state). Equation 39 gets
modified to
ACP =
2rDrB sin(δD + δB) sin(γ)
r2D + r
2
B + 2rDrB cos(δD + δB) cos(γ)
. (41)
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Many ADS modes have been studied, such as in Refs. [193–195]. The measured CP asymmetry obtained
for the D → K∓pi± channels is quite large [195],
ACP = −0.403± 0.056 , (42)
which can also be seen from Fig. 32.
Figure 32: Invariant mass distributions of selected B+ → [K−pi+]DK+ separated by charge. The signal contribution to the
fits3 is displayed through the red curve. For details, see [195].
The ADS method can also be applied for three- or four-body modes [186], for example D → K−pi+pi0
and D → K−pi+pi−pi+, with the introduction of an extra parameter, the coherence factor κ, multiplying
the 2rDrB terms in Eq. 41 varying between 0 and 1 depending on the resonant structure of the decay.
It has been also used by several analyses such as in Refs. [196] (using D → K−pi+pi0) and [195] (using
D → K−pi+pi−pi+).
6.3. The GGSZ method
The GGSZ method [187] exploits the strong phase variation across the phase space of a three- or four-
body self-conjugate D decay in the process B+ → Dh+. The benchmark mode is D → K0Spi+pi− but there
are others such as, for example, D → K0SK+K− and D → K0Spi+pi−pi0. It compares the distribution of events
in the phase space for B+ and B− and is the most sensitive method for obtaining γ. It depends on the prior
– external – knowledge of the strong phase which could have been measured through an amplitude analysis
(model dependent) or direct measurement (model independent) via the quantum correlation of D0D0 pairs
from ψ(3770), as obtained by the CLEO collaboration [197] for D → K0Spi+pi− for instance.18 In Fig. 33 the
model-independent strong phase difference for D0 and D0 decays is shown across the Dalitz plot, where the
eight (coloured) regions represent different phase intervals. Although the model-dependent approach may
provide better statistical uncertainties, it relies on amplitude models (full Dalitz plot analysis) which suffer
from irreducible systematics. The model-independent approach, on the other hand, is only statistically
limited.
The observables in the GGSZ method are the variables x± and y± which related to the physical observ-
ables as
x± = rB cos(δB ± γ)
y± = rB sin(δB ± γ) . (43)
The GGSZ method has been applied for many modes, both using model-dependent (see for instance
[200–202]) and model-independent approaches [191, 203–206]. The most precise measurement of γ from
a single analysis comes from the LHCb collaboration, using the full run I and part of run II data, with
a model-independent approach for the decay modes D → K0Spi+pi− and D → K0SK+K− [207], to get
γ = (87+11−12)
◦. Belle collaboration has very recently performed the first GGSZ analysis using the four-body
mode D → K0Spi+pi−pi0 [208].
18Just recently, the BESIII collaboration released their results on the strong phase across the Dalitz plot for D → K0Spi+pi−
decays [198, 199], with the same binning scheme as CLEO, and which is expect to improve the corresponding uncertainty on
γ by approximately a factor of 3.
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Figure 33: Map of the strong phase difference across the Dalitz plot between D0 and D0 decays in the final state K0Spi
+pi−, as
obtained by CLEO. The Dalitz variables are m2+ = m
2(K0Spi
+) and m2− = m
2(K0Spi
−) [197].
6.4. The combination result of γ
From combining the values of γ obtained by the different methods and different final states, the world
average from HFLAV [136] is
γ = (71.1+4.6−5.3)
◦ , (44)
which is also shown in Fig. 34 separated for GLW, ADS and GGSZ methods. The best sensitivity is clearly
seen to come from the GGSZ method. Overall the LHCb measurements largely dominate the result.
When compared to indirect determinations coming from fits with CKM constraints, such as from CKM-
Fitter [78] and UTFit [79] collaborations, the central value of γ above is higher and marginally compatible.
The smaller indirect values are driven by the determination of the mass split in B − B¯ system through
mixing measurements [209, 210]. If NP effects appear at tree level, the value of γ from direct determination
can differ substantially from that of indirect measurements [211]. The expected precision of about 1◦ from
the LHCb Upgrade and Belle II in the upcoming years will be able to tackle this apparent tension.
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Figure 34: World average of γ split by method [136].
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7. Direct CP violation in Charm
As discussed in Sect. 2.4, CP violation in the charm sector is highly suppressed from the CKM ansatz.
Nevertheless, during the last two decades, one could witness the charm available samples to grow enormously:
in the early 2000s there were just a few thousand reconstructed D+ → K+K− in FOCUS [212] and CLEO
[213] experiments, while the current available sample from LHCb in run II comprises tens of millions decays
in the same channel [29, 32].
By the end of 2011, there appeared some evidence for CP violation through the CP asymmetry difference
in the decays of D0 →K+K− and D0 →pi+pi−, first announced by the LHCb experiment [214] then by
CDF [215] and Belle [216]. Although the effect soon after faded with new measurements from LHCb [217, 218]
it created a lot of excitement in the theoretical community in order to try to understand whether the effect
– almost at the percent level – could still be explained by the SM, via penguin enhancements, SU(3)F
breaking, long-distance effects [73, 74, 219–229] or would require the contribution of new physics dynamics
[230–242]. This huge amount of effort, the “∆ACP saga”, has stimulated further the quest for CP violation
in charm.
Now direct CP violation has finally been established from the same observable, by the LHCb experiment
in 2019 [29]. This is a milestone in Particle Physics and it is natural to expect that the upcoming years, with
further analyses in different decay modes, and increasing data samples from LHCb and Belle II, will bring
more surprises in the charm sector. In the following we present the state-of-the-art on study and search for
direct CP violation.
7.1. Two-body modes
The decays of D mesons to two particles offer the simplest topology for CP violation studies in charm.
The majority of the two-particle final states are composed of pseudo-scalar (stable) mesons; a few “quasi”
two-body modes can also be addressed. Although a few decay modes, such as D+ → φpi+ and D+ → K+K−,
have reached the impressive sensitivity of a few to several 10−4, most of the measurements are still testing
for asymmetries at the level of percent. There is yet plenty of room for searches of NP effects with run II
LHCb data as well as with the upcoming data from Belle II and the upgraded LHCb.
D0 → h−h+
As mentioned previously, a big breakthrough has come recently with the announcement, from the LHCb
collaboration, of the first observation of CP violation in the charm sector [29]. The measurement was made
through the Cabibbo-suppressed decay modes D0→ K−K+ and D0→ pi−pi+. Since the final states are CP
symmetrical – and thus reachable from both D0 and D0 mesons – these decay modes permit, in principle,
direct CP violation as well as through mixing and interference between mixing and decay.
The D0 →K−K+ and D0 →pi−pi+ decays are among the most important channels for the study of CP
violation due to their relatively large branching ratios and, from the experimental side, the simplicity of two
charged particles in the final state. Within the past decade or so, the search for direct CP violation with
D0→ K−K+ and D0→ pi−pi+ decays had contributions from Babar [243], Belle [244], CDF [215, 245] and
LHCb [214, 217, 246, 247].
As for any neutral mode, the key experimental ingredient is the determination of the D flavour (D0 or
D0) at production – the tagging strategy. Usually the decay D∗+ → D0pi+s is used (pi+s notation used since
this emerging pion is slow) and this is referred to as pi-tagging. LHCb also uses D decays coming from
semi-leptonic B decays, B → D0µ−X (where X is whatever particles not reconstructed in the decay) where
the Z. muon charge gives the flavour of the D – referred to as µ-tagging.
When studying these modes, an interesting observable is the difference of the time-integrated CP asym-
metries
∆ACP (KK − pipi) = ACP (D0→ K−K+)−ACP (D0→ pi−pi+) , (45)
which is a robust measurement for two reasons: production asymmetries are expected to cancel out since
they do not depend on the final state; and detection asymmetries, due only to the flavour-tagging particle
(since the final states are CP symmetric) are also expected to cancel out. Besides it is quite possible the
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Figure 35: Invariant mass distributions of (left) D0 → K+K− and (right) D0 → pi+pi− candidates from (top) pi-tagged and
(bottom) µ-tagged samples. For the pi-tagged samples the invariant mass corresponds to that of the D∗+ → D0pi+ candidate,
while for the µ-tagged sample it corresponds to that of the D0 candidates [29].
difference in the CP asymmetries to be enhanced comparatively to that of the individual asymmetries. For
instance, under the limit of exact U-spin symmetries the decays D0→ K−K+ and D0→ pi−pi+ would have
CP asymmetries equal in size and opposite in sign [70, 227]. The two final states are also connected through
final-state rescattering, as discussed in Sect. 2, and the level of CP violation in one may be correlated to the
other.
The time-integrated CP asymmetry is expected to be mostly sensitive to direct CP violation [92, 245],
ACP (f) = a
dir
CP (f)−
〈t(f)〉
τ(D0)
AΓ . (46)
The direct CP -violating term adirCP (f) depends on the final state f ; 〈t(f)〉 is the measured (reconstructed)
mean decay time, and AΓ is the indirect CP violation parameter, currently compatible with zero at the
per-mille level [248] and not expected to be final-state dependent. Thus, one can write
∆ACP (KK − pipi) = ∆adirCP (KK − pipi)−
∆〈t〉
τ(D0)
AΓ , (47)
where ∆〈t〉 is the difference of the reconstructed decay times of D0→ K+K− and D0→ pi−pi+ modes.
Using run II data, the LHCb collaboration analysed large samples of 44 (9) million decays of D0 →
K+K− and 14 (3) million decays of D0 → pi+pi− for the pi-tagged (µ-tagged) samples, as shown in Fig. 35.
The measured values obtained are ∆ACP (KK−pipi)pi−tagged = (−18.2±3.2±0.9)×10−4 and ∆ACP (KK−
pipi)µ−tagged = (−9 ± 8 ± 5) × 10−4, for pi-tagged and µ-tagged samples, respectively. By performing a full
combination of these results with previous LHCb measurements [214, 217, 246, 247], the final result is
∆ACP (KK − pipi) = (−15.4± 2.9)× 10−4, (48)
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Figure 36: The combination plot for ∆adirCP (KK − pipi) against aindCP (KK − pipi) from the HFLAV group [136].
which is a 5.3σ effect and constitutes the first observation of CP violation in the charm sector. After correct-
ing by the small effect of indirect CP violation, using the experimental value of ∆〈t〉 and the measurement of
AΓ from LHCb [248], the value for direct CP violation obtained is ∆a
dir
CP (KK−pipi) = (−15.7± 2.9)× 10−4.
By performing a world average combination the HFLAV group [136] gets
∆adirCP (KK − pipi) = (−1.64± 0.28)× 10−3, (49)
which can also be observed from the combination plot of direct ∆adirCP (KK−pipi) and indirect aindCP (KK−pipi)
CP asymmetry results in Fig. 36.
Besides the CP asymmetry differences, it is clearly important to access the individual CP asymmetries.
The LHCb collaboration measured ACP (K
−K+) [249] with pi-tagged samples using run I data, with 3.0 fb−1–
but results are yet to come from run II.
The value for ∆adirCP (KK−pipi) puts CP violation in the charm sector at the level of 10−3, which is higher
than naive expectations at O(10−4) [70, 71] and some authors consider contributions from NP dynamics [75–
77]. Nevertheless it is consistent with models that include non-perturbative effects, with QCD enhancements
and SU(3)F symmetry breaking [66, 250–252]. An interesting effect discussed in [253] considers CP violation
enhancement due to a nearby resonance, f0(1710) playing the role of the communicator between the channels
and, being close to the D0 mass, providing the necessary strong phase.
One should consider more generally the potential effects from KK ↔ pipi rescattering [67]. This was
discussed in Sect. 4.2.2 in the context of charmless three-body B decays and, for charm decays, rescattering
can be expected to be even more important. In this sense, three-body Cabibbo-suppressed decays, especially
those with large samples such as D+ → K−K+pi+ and D+ → pi−pi+pi+, are excellent candidates for
observation of CP violation with the already available data from LHCb, as it is discussed below in Sect. 7.2.
In any case, this outstanding result from D0 → K+K− and D0 → pi+pi− decays calls for a comprehensive
study of potential charm processes where direct CP violation might appear at a similar level.
D+(s) → h0h+
Recently, the LHCb collaboration has searched for CP violation in the Cabibbo-suppressed decays
D+s → K0Spi+, D+ → K0SK+ and D+ → φ(1020)pi+ with 3.8 fb−1 from run II pp collision data [254].
The data samples for these decays are huge, comprising respectively 600 thousand, 5.1 million and 53.3 mil-
lion candidate decays. The K0S meson is reconstructed through its pi
+pi− final state, which is CP symmetric.
The D+ → φpi+ constitutes a quasi-two-body mode; the measurement is made selecting K+K− pairs in the
vicinity of the φ mass with no attempt to separate from other contributions of the decay D+ → K−K+pi+.
To allow the measurement of the CP asymmetry, LHCb uses a set of Cabibbo-favoured control modes,
42
D+ → K0Spi+, D+s → K0SK+ and D+s → φ(1020)pi+, in order to provide a cancellation of production and
detection asymmetries. As such, the CP asymmetries to a good approximation are given by
ACP (D
+
s → K0Spi+) ≈ Araw(D+s → K0Spi+)−Araw(D+s → φpi+)
ACP (D
+ → K0SK+) ≈ Araw(D+ → K0SK+)−Araw(D+ → K0Spi+)
− Araw(D+s → K0SK+) +Araw(D+s → φpi+) (50)
ACP (D
+ → φpi+) ≈ Araw(D+ → φpi+)−Araw(D+ → K0Spi+) ,
where Araw are the raw asymmetries from D
+
(s) and D
−
(s) yields. A weighting procedure to match the
distribution of kinematic quantities is performed to guarantee accurate cancellations. In the final states
with a K0S state, both its detection and CP asymmetries are subtracted from the measured values [246].
The results obtained for 2015–2017 data [254] are combined to previous LHCb results from run I, leading
to the measurements
ACP (D
+
s → K0Spi+) = (1.6± 1.7± 0.5)× 10−3
ACP (D
+ → K0SK+) = (−0.04± 0.61± 0.45)× 10−3
ACP (D
+ → φpi+) = (0.03± 0.40± 0.29)× 10−3 , (51)
which are all consistent with CP conservation. For the D+ → φpi+ mode, the result represents the most
precise CP asymmetry measurement obtained from a single measurement, with a combined statistical and
systematic uncertainty of only 5× 10−4. The decays of D+ and D+s to K0SK+ have also been studied by the
BESIII collaboration in 2019 [255] with a much smaller sample, so LHCb dominates these measurements.
The novelty is the inclusion of K0LK
+ final states – with results consistent with CP conservation at ∼ 3%
level.
Other interesting modes for charged D’s involve the production of η′, such as D+ → η′pi+, which
is Cabibbo-suppressed, and D+s → η′pi+, which is Cabibbo-favoured. A few years ago, Belle [256] and
CLEO [257] have measured CP asymmetries for D+ → η′pi+ and D+s → η′pi+ above the 1% and 2% level,
respectively. Despite the difficulty of reconstructing η′ in a hadron machine, the LHCb collaboration has
performed a study for these decays with 3 fb−1 from run I data [258]. Control modes D+ →K0Spi+ and D+s
→ φpi+ are used to deal with detection and production asymmetries. The results
ACP (D
+ → η′pi+) = (−0.61± 0.72± 0.53± 0.12)%
ACP (D
+
s → η′pi+) = (−0.82± 0.36± 0.22± 0.27)% (52)
are the most precise to date. The last uncertainty is due to external measurements of the asymmetry of the
control modes.
The Cabibbo-suppressed mode D+ → pi+pi0 has the same dominant tree diagram as D0 →pi−pi+, with
the only change in the spectator quark. But since the final state has isospin I = 2, it cannot proceed through
a gluonic-penguin amplitude. Thus, in this case there is no weak phase contributing from the SM and the
expected CP asymmetry is null; any sign of CP violation would be indication of New Physics mechanisms.
In 2018, Belle searched for CP violation in this mode with its full data sample, with an integrated luminosity
of 921 fb−1 sample [259]. The D+ → pi+pi0 decay was reconstructed both from D∗+ → D+pi0 (tagged) and
directly from the interaction point (not tagged). The raw asymmetry Api
+pi0
raw was obtained from signal yields,
and corrected by the pi+ detection asymmetry and forward–backward asymmetry.19 The result,
ACP (D
+ → pi+pi0) = (+2.3± 1.2± 0.2)%,
is consistent with the SM and with CP conservation at the 1% level, which still places no strong constraint.
The LHCb collaboration may be able to provide results from run II with precision at the level of Belle. Belle
II, with the full 50ab−1, will be able to reach the 0.2% level [87].
19Forward–backward asymmetry arises due to the interference of amplitudes mediated by virtual photon, Z and higher orders
in e−e+ collisions.
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D0 → h0h0
The D0 → K0SK0S channel has a small branching fraction, (1.41 ± 0.05) × 10−4 [21], about 30 times
smaller than the K+K− mode. This is due to the fact that it can only occur through W -exchange diagrams
with cu → ss and cu → dd which would cancel in the limit of exact SU(3)F symmetry, or via a penguin-
type annihilation. The contributions, with different weak phases, are expected to be of similar size, so the
interference term is comparatively larger than for other charm modes. According to Ref. [260], the CP
asymmetry could be as large as 1% within the SM.
Within the last 5 years, the search for CP violation in this mode was performed by LHCb [261, 262] and
by Belle [263] – the latter leading with best precision so far, ACP (D
0 → K0SK0S ) = (−0.02 ± 1.5)%. The
combined uncertainty, though, is still not sufficient to test the SM prediction. Belle II expects to lower this
uncertainty [87] to 0.66% and 0.23% with integrated luminosities of 5 ab−1 and 50 ab−1, respectively.
More recently the authors of Ref. [260] extended the work to study the quasi two-body decay D0 → K0SK∗
[264] to estimate a CP asymmetry that can be as high as 0.3%. In any case, the adequate treatment for this
mode should be addressed through a full Dalitz plot investigation to the D0 →K0SK−pi+ final state. This is
discussed in Sect. 7.2.
The D0 → pi0pi0 is another interesting channel and it gains interest also with its connection to D0 →
K+K− and D0 → pi+pi− final states (see for instance [265]). Belle studied the decay D0 →pi0pi0 with
966 fb−1, with a sample of 34 thousand signal events, and also studied the Cabibbo-favouredD0→K0Spi0, with
a sample of 467 thousand signal events [266]. The results are ACP (D
0 → pi0pi0) = (−0.03±0.64±0.10)% and
ACP (D
0 → K0Spi0) = (−0.10± 0.16± 0.07)%, where the last result is already corrected for K0 asymmetries.
The pi0pi0 final state represents a challenge for LHCb but in the upcoming years Belle II is expected to bring
improvement, with an expected sensitivity of 0.3% with the first 5 ab−1.
7.2. Three-body modes
As discussed in Sect. 3.3, for multi-body decay modes CP violation effects can be studied through the
phase space of the decay, and can be potentially larger than integrated ones. Even if, when compared to
B decays, the available phase space is relatively small, there are many resonances with masses below the
D mass, and usually the decay dynamics are very rich and with rather interesting interference patterns.
CP violation effects may be enhanced in local regions and these local asymmetries can be higher than the
phase-space integrated results [122, 267, 268].
For D decaying to stable pseudo-scalar mesons in a three-body final state, the dynamics are directly read
from the distribution of events in the Dalitz plot. In particular, interference effects are visually apparent.
If sizeable localised CP violation effects exist, they would be clearly visible, as for the case of three-body
charmless B decays discussed in Sect. 4.2. For D decays, with very small asymmetries expected within the
SM, the search for CP violation within the phase space requires very large samples and a very careful control
of nuisance asymmetries, due to production and detection effects.
Although a few Dalitz analyses searched for CP violation more than 10 years ago with limited number
of events, it was in 2008 when the Babar collaboration presented a search for CP violation with about 82
thousand D0 → pi−pi+pi0 and 11 thousand D0 → K−K+pi0 decay candidates, with high purity [269]. The
study was performed through both amplitude analysis and model-independent search, by calculating the
residuals of the difference in population in bins of the Dalitz plot for D0 and D0 (similar to the Miranda
technique presented in Sect. 3). No sign for CP violation was found. Through the model-dependent approach,
for the D0 → pi−pi+pi0 (with larger samples) the uncertainties for CP violation in phases and magnitudes
were about 2◦ and higher, and about 2% and higher, respectively.
A more recent model-dependent study where CP violation was carried out by the LHCb collaboration
in the channels D0 → K0SK−pi+ and D0 → K0SK+pi− [270], using 3 fb−1 (full run I data) with signal yields
of about 113 thousand and 76 thousand, respectively. No evidence for CP violation was found, probing at
or higher than 2◦ and 2% for phase and magnitude differences, respectively.
Using the first set of data collected from the LHCb experiment in 2010, a search for CP violation was
performed for D+ → K−K+pi+ decays [271]. A total of about 370 thousand signal candidates were analysed.
The approach used the Miranda technique [122] described in Sect. 3.3.3 where the Dalitz plot was divided in
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Figure 37: (Left) CP asymmetry significances, SCP , across the Dalitz plot for candidate decays of D
+ → K−K+pi+ in 2010
data from the LHCb experiment. (Right) Distribution of the SCP values. See [271] for details.
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Figure 38: Results for the CP violation search in D+ → pi−pi+pi+ decays by LHCb collaboration with 2011 data. (Left) SCP
distribution with 106 adaptive bins. (Right) Distribution of p-values of the test statistic T for different regions in the Dalitz
plot. See [272] for details.
bins, both uniformly or adaptively. The Cabibbo-favoured decays D+s → K±K+pi+ and D+ → K−pi+pi+,
for which CP violation is not expected, were used as control channels to check for nuisance asymmetries,
with no observable effects. The D+ → K−K+pi+ Dalitz plot was then studied for a few combinations of
binning schemes. In Fig. 37 the significances are shown across the Dalitz plot for 106 adaptive bins; the
corresponding χ2 ≡ ∑i[SCP (i)]2 and number of degrees of freedom resulted in a p-value of about 10%,
compatible with the hypothesis of CP conservation. Other variations in binning schemes lead to the same
conclusion.
The same technique was applied to D+ → pi−pi+pi+, with a sample of about 3 million candidates with
82% purity [272] collected by LHCb during 2011. Besides the binned Miranda approach, the kNN unbinned
technique, described in Sect. 3.3.4, was also used. Sensitivity studies based on pseudo-experiments showed
that with the given data sample size both methods would be sensitive to asymmetries of about 2% and
phase differences of about 1◦ − 2◦ for specific resonant contributions (D+ → ρ0(770) for example). The
modes D+s → pi−pi+pi+ and D+ → K−pi+pi+ were used as control modes, with no sign of local asymmetries.
When analysing the signal region, no evidence for CP violation in D+ → pi−pi+pi+ was found. In Fig. 38
the SCP (i) distribution across the Dalitz plot is shown for 106 bins, as well as the resulting p-values for the
kNN method.
There are no results yet with LHCb run II data for CP violation searches across the Dalitz plot for
D+ → pi−pi+pi+ and D+ → K−K+pi+ decays. The expected sample sizes are O(108) events [91] which
would allow CP asymmetries to be tested at the 10−3 level. Given the recent observation of CP violation in
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Figure 39: Dalitz plot distribution of D+ → pi−pi+pi+ candidate decays, from 2011 LHCb data. The Dalitz variables slow and
shigh correspond to m
2(pi−pi+)low and m2(pi−pi+)high, respectively [272].
D0 → K+K− and D0 → pi+pi− it is likely that direct CP violation would be soon observed in these decays
too. Moreover, the study across the phase space, being potentially more sensitive to local asymmetries,
may provide information regarding the eventual sources of CP asymmetries, e.g. resonance enhancements,
S- and P- wave interference, and KK − pipi rescattering [67, 252, 268, 273]. In Fig. 39 the (diagonal-
folded) Dalitz plot distribution for D+ → pi−pi+pi+ is shown evidencing the richness of the dynamics of
the decay — in particular one can see the large interference between the low-mass S-wave, dominated by
the σ(500)pi+ amplitude, and the ρ(770)0pi+ amplitude which makes the higher mass lobe of the ρ(770)0 to
almost disappear.
Another important and promising decay is D0 → pi−pi+pi0. With data collected in 2012, the LHCb
collaboration searched for CP violation in this decay. The sample comprised 660 thousand candidate decays
and used the D∗ → D0pi+ decay to tag the flavour of D0 at production. The search was carried out in the
Dalitz plot via the energy test technique described in Sect. 3.3.4. The metric function ψij , defined in Eq. 30
was chosen as a Gaussian, ψij = e
−d2ij/2δ2 where dij is the “distance” (measured in GeV2/c4) between
the i and j events in the 3D-space spanned by the two-body mass combinations of the three final-state
particles. From pseudo-experiments with the same size as the data, the energy test showed sensitivity of
about 2–4% in magnitudes and 1–3◦ in phases, depending on which intermediate amplitude CP violation
were introduced. When compared to the Miranda technique, the energy-test method showed similar or
better precision. When applied to the D0 → pi−pi+pi0 data sample, the T value obtained is consistent with
CP conservation, with a p-value of (2.6± 0.5)%. A limitation of the method is the computation price: with
samples of O(107−8) events (current sample sizes for some Cabibbo-suppressed channels in LHCb run II)
the permutations needed to access the p-value can be very time consuming.
7.3. Four-body modes
The main four-body hadronic modes for the search for CP violation are the Cabibbo-suppressed decays
D0 → K+K−pi+pi+ and D0 → pi+pi−pi+pi+. The dynamics of four-body decay modes involving only mesons
in the initial and final state are fully described by a five-dimensional phase space. As in the case for three-
body modes, the search for CP violation can be pursued in model-dependent and model-independent ways,
with the further complication of dealing with 5 independent variables. Clearly, given the limited sizes of
decay samples, the sensitivity to charge asymmetries may vary substantially depending on the phase space
region. Since there is no hint in which region CP violation may be potentially enhanced, the study is
challenging. For instance, for the Miranda technique bins should in principle be defined in 5 dimensions,
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preferably with adaptive binning to control the minimum number of events in each bin, with a careful study
of the binning scheme in order not to lose sensitivity. This also applies for the energy-test technique where
the parameter δ defines an effective radius in phase space. Model-dependent searches rely on a full amplitude
analysis, usually using the Isobar model to disentangle the different intermediate contributions by fitting
their magnitudes and phases separately for particle and antiparticle.
As discussed in Sect. 3.3.5 in a four-body decay other CP -violating observables can be accessed, such as
the aT−oddCP asymmetry defined in terms of a triple-product of momenta of the final-state particles, defined in
Eqs. 32 to 35. The first searches for CP violation using this T-odd observable were carried out in the 2000s by
the FOCUS [274] and BaBar [275] collaborations with the final state D0 → K+K−pi+pi−. In 2014, the LHCb
collaboration also performed a search for T-odd correlations with about 170 thousand D0 → K+K−pi+pi−
signal decays from run I data with three complementary approaches [276]: by measuring the phase-space
integrated value of AT , A¯T and a
T−odd
CP , as well as in different regions of the phase-space and in different
decay-time bins. The quantity CT was defined with particles 1, 2 and 3 being respectively K
+, pi+ and pi−.
The value obtained for aT−oddCP was (0.18 ± 0.29 ± 0.04)%, consistent with CP conservation, as well as the
values obtained in bins of phase space and decay time. Interestingly enough, the integrated values of AT and
A¯T are ≈ (−7±0.5)%, with also relatively large variations across the phase space, pointing to the significant
final-state interactions due to the rich resonant contributions. Belle has performed a similar study, for the
first time for the decay D0 → K0Spi+pi−pi0, with a total of about 1.7 million candidates [277]. This final state
receives contributions from both Cabibbo-favoured and doubly-Cabibbo-suppressed transitions. The result
for phase-space integrated T-odd CP asymmetry, as well in different regions of the phase space, has shown
consistency with CP conservation with a precision of 0.14%.
In a very recent analysis of the D0 → K+K−pi+pi+ mode, Belle [278] has extended the concept of the
asymmetry AX for different kinematic variables X, so that
aCPX ≡
1
2
(
AX − ηCPX A¯X¯
)
, (53)
with A¯X¯ defined the same way as AX (changing sign convention with respect to that in Eq. 34) and η
CP
X is
the CP eigenvalue specific to X. The kinematic variables used were sin 2Φ, cos θ1 cos θ2 sin Φ, sin Φ (these
with ηCPX = −1) , and cos Φ and cos θ1 cos θ2 cos Φ (with ηCPX = +1), where θ1 (θ2) is the angle of the K+
(pi+) momentum and the direction opposite of the D0 in the K+K− (pi+pi−) rest frame, and Φ is the angle
between the decay planes of K+K− and pi+pi− pairs in the D0 rest frame. This set of variables is expected
to be sensitive to CP violation in the interference between the S- and P-wave productions of the K+K− and
pi+pi− pairs. With a sample of about 108 thousand signal decays, all aCPX asymmetries were found consistent
with zero, at the level of 0.4% (including both statistical and systematic uncertainties).
Searches for CP violation using model-dependent and model-independent analysis over the phase space
were also performed for both D0 → K+K−pi+pi+ and D0 → pi+pi−pi+pi+ modes. Full amplitude analyses
for these decays were published in 2017 making use of CLEO data [279] with limited samples sizes of a few
thousand events, resulting in integrated asymmetries probed only at the level of 1.5–2%, and in different
sub-channels at 5–10% or higher.
The LHCb collaboration studied both decays with much larger samples. In a first work with 1 fb−1 of
data from run I [280], 5.7× 104 and 3.3× 105 signal decays for D0 → K+K−pi+pi+ and D0 → pi−pi+pi−pi+
modes, respectively, both tagged through D∗+ → D0pi+, were analysed and CP violation was searched for
via the Miranda technique over the phase space defined by five invariants chosen as a set of 2- and three-body
mass combinations. The p-values under the no CP violation hypothesis were found to be 9.1% and 41%,
indicating consistency with CP symmetry. With the full run I data sample, comprising about 1 million
signal decays, the D0 → pi−pi+pi−pi+ mode was then studied by LHCb via the energy test technique — and
also dividing the total sample into four sub-samples depending on the sign of a triple-product CT and on
the D0 flavour [281]. As such, the analysis could be sensitive to both P -even and P -odd CP asymmetries.
From simulation, sensitivity for CP violation effects is found to be typically 4–5% in amplitudes or 3–4◦
in phases for the main intermediate states. The results have p-values of (4.3 ± 0.6)% and (0.6 ± 0.2)% for
P -even and P -odd CP violation tests, respectively, obtained from the distribution of permutation T-values.
Interestingly, the P -odd CP -violation test was found to be only marginally consistent with CP conservation
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Figure 40: Results of the energy test for D0 → pi−pi+pi−pi+ decays by the LHCb collaboration [281]. (left) Permutations of
T-value for the P -odd CP violation test. (right) The pi−pi+ invariant-mass projection showing the significance of the T -value
contribution in different regions.
— this can be seen in Fig. 40, where the right plot indicates the pi−pi+ invariant-mass region where the
discrepancies are found.
The decay D0 → K+K−pi+pi+ was also studied very recently by the LHCb collaboration through a full
amplitude analysis from the full run I data sample (3 fb−1) using semileptonic b-hadron decays into D0µ−X
final states [282]. The sample has almost 200 thousand candidates with 83% purity. In total, 26 different
intermediate states were considered for the phase-space fit and, for each, CP magnitude asymmetries, relative
phase differences, and CP fraction asymmetries were obtained. The sensitivity for CP violation varied
depending on the sub-channel, from about 1% to 15%, with results compatible with CP conservation.
There are yet no results using run II data from LHCb. The sensitivity expected for aT−oddCP , for example,
could be as low as 2.4× 10−4 [91].
7.4. Charm Baryons
In general, the charm baryon sector is so far much less studied than the charm meson sector. Within the
last 5 years or so, though, this scenario began to change, with many new results on production and branching
ratios [283–293], lifetimes [294–296], decay asymmetries and polarisation [297], and new states[298, 299]. In
what concerns CP violation, there is a long way to go [300] but the direct CP violation observed in the
meson sector is now adding fuel and pushing towards the study of charm baryons [301–303].
Within the CKM ansatz, the underlying mechanism for the appearance of a weak phase in Cabibbo-
suppressed charmed baryon decays is the same as for charmed mesons, c → duu¯ and c → suu¯ transitions.
The main actors for the search of CP violation are, in principle, the two-body Λ+c → ΛK+ and three-body
Λ+c → pK+K− and Λ+c → ppi+pi−. From both the theoretical and experimental sides, the study involving
three-body baryon decays is challenging due to polarisation, five-dimensional phase space and short lifetime.
The LHCb collaboration performed the first search for CP violation in the decays Λ+c → pK+K− and
Λ+c → ppi+pi−, using run I data [304]. The decays were selected through the decay chain Λ0b → Λ+c µ−X (with
X being any additional unreconstructed particles) to diminish the level of background. The sample consisted
of about 25 thousand Λ+c → pK+K− decays and 160 thousand Λ+c → ppi+pi− decays. The invariant mass
distributions and the Dalitz plots for both final states are shown in Fig. 41. To cancel the Λ0b production
asymmetry as well as muon and proton detection asymmetries, the differences of raw asymmetries are
measured, once the kinematics of the Λ+c → pK+K− decays are matched to those of Λ+c → ppi+pi−. This
procedure may alter the numerical value of the true physics asymmetry, thus the measured asymmetry for
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Figure 41: Invariant mass distributions for (top left) Λ+c → pK+K− and (top right) Λ+c → ppi+pi− candidates. The corre-
sponding Dalitz plots (background-subtracted and efficiency-corrected) are shown in the bottom plots [304].
Λ+c → pK+K− is called a weighted asymmetry, and the measurement is defined as
∆AwgtCP ≡ ACP (pK+K−)−AwgtCP (ppi+pi−) ≈ Araw(pK+K−)−Awgtraw(ppi+pi−) . (54)
The result is
∆AwgtCP = (0.30± 0.91± 0.61)% , (55)
showing consistency with CP symmetry at the level of 1%. It represents the first search for CP violation
in a three-body baryon mode. New results are expected from LHCb using run II data not only on Λ+c but
also, potentially, Ξc decay modes. Yet, to match the current precision in mesons the required amount of
data will be possible only by the end of run V of LHCb, with 300 fb−1 [91].
8. Conclusion
More than half a century after the discovery of CP violation, many theoretical and experimental achieve-
ments led to a better understanding of this phenomenon. The CKM mechanism has proved to be very
successful in describing the current experimental data, in particular by the consistency among many differ-
ent measurements leading to a coherent picture of the Unitarity Triangle. The measurement of γ with a
current precision of about 5◦ is a remarkable result and γ is, indeed, the only angle that have been measured
exclusively from a direct CP violation measurement, involving only tree-level amplitudes in B decays to D
plus light mesons.
However, direct CP violation in non-leptonic decays is in general a complex subject due to the interplay
between the weak process and the underlying strong interactions. Although, on the one hand, the strong
phases are as much important as the weak phases for the observability of CP violation, from the other
hand it is very difficult to know a priori the size of the strong phases and, as a consequence, the expected
level of CP violation effects in exclusive modes. Indeed, there is a long-term discussion about the relative
importance of the short- versus long-distance contributions as sources of the strong phases. On this subject,
much progress was obtained within the last years, mainly due to the recent experimental results.
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Some results in the B-meson sector are particularly interesting. CP violation is well established in
the two body modes B0(s) → K−pi+ and B0 → pi+pi−. In quasi two-body modes, first observations of CP
asymmetry were made for B+ → σ(500)pi+, B+ → f2(1270)pi+ and B0 → K∗+pi− decays while no significant
asymmetry was found in the B+ → ρ(770)pi+ mode. Big surprises came from three-body charmless B+
decays. Rich patterns of large CP asymmetries across the Dalitz plot were observed, with regions of positive
and negative ACP . Since the source of weak phase from the SM in these decays comes only from the angle
γ, the structures need to arise from the variation of the strong phase. Moreover, these results point towards
the importance of long-distance hadronic phases. A particular result is the large CP asymmetry of about
66% associated to the rescattering region KK ↔ pipi in the decay B+ → K−K+pi+. Another unforeseen
result was the pattern of large CP asymmetries at high pipi masses in the decay B+ → pi+pi+pi−, in a region
not dominated by resonances.
In the charm sector, a new era is starting with the observation of direct CP violation in the decays
D0 → K+K− and D0 → pi+pi−, with a CP -asymmetry difference at the level of 10−3. The result, higher
than expected from naive short-distance expectations, can be accommodated by models predicting strong,
hadronic enhancements, although approaches based on NP models are also suggested. This outstanding
result pushes further forward the study of other modes where effects of CP violation may be at a similar
level. This is the case of three- and four-body Cabibbo-suppressed modes such D+ → K−K+pi+, D+ →
pi−pi+pi+ and D0 → K+K−pi+pi+. From the beautiful lesson learnt from charmless B+ decays, localised
CP asymmetries in the phase space can be potentially larger than integrated ones. The role of KK ↔ pipi
rescattering can be potentially more important for charm-hadron decays too, and deserves attention.
An interesting and relevant discussion is the impact of CPT symmetry – assuming it to be exact – on
constraining CP violation in exclusive modes. Final-state interactions, fundamentally hadronic, are the
carriers of this constraint: any observed CP violation in one mode should be compensated by other(s)
mode(s) with the same quantum numbers and, in particular, flavour content. Although the concept is clear,
its practical consequences are not obvious when the multiplicity of decay channels is large, which is the case
of B decays. Yet, the experimental data, in general with a concentration near the edges of the Dalitz plot,
may seem to indicate that CPT can be more useful than anticipated [268]. While quantitative statements
are hard to make, the idea here is to use it to enlighten CP violation studies by trying to correlate different
measurements or to search for new paths.
A not-so-welcome surprise is the absence, so far, of a compelling evidence for CP violation in baryons.
The LHCb latest results in Λ0b → ppi−pi+pi− decay with a larger sample have neither confirmed nor denied
the hint for CP violation in an earlier study. It is curious that CP violation, being a necessary condition for
baryogenesis, has only shown up clearly in the meson sector.
The last years were naturally dominated by results from the LHCb collaboration, with BaBar, Belle,
and BES III also contributing. New results, and hopefully some surprises, are awaited from run II LHCb
data, since many decay modes are still being analysed. This is the case in particular of multi-body decays
discussed in this review, including baryons. Belle II is now entering the game, with the ability to provide
good physics impact to final states with neutrals. One, from many examples, is the possibility to soon bring
new elements to the ∆ACP (B → Kpi) puzzle from the analyses of decay modes B0 → K0pi0, B0 → K0η,
and B0 → K0η′. Similarly, three-body B decay modes with neutrals in the final states may help to better
understand the sources of direct CP violation, such as rescattering contributions and the S- and P-wave
interference.
In a near future, with further accumulation of Belle II data and the start of the upgraded LHCb from run
III (and beyond), flavour physics and in particular CP violation will be entering into an era of high precision.
Besides testing the validity of the SM and representing a tool for NP searches, precise measurements of
direct CP violation, especially coming from multi-body decays, could be a very interesting instrument for
the understanding of hadronic interactions. In any scenario, CP violation is expected to maintain a leading
role in Particle Physics.
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